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FOREWORD

1. This document is approved for use by the US Army Research, Development, and
Engineering Command, Aviation Engineering Directorate and is available for use by all
Departments and Agencies of the Department of Defense.

2. This Handbook describes the US Army Condition Based Maintenance (CBM) technical
guidance necessary to achieve CBM goals for US Army aircraft systems, which include manned
and unmanned systems. The Handbook contains some proven methods to achieve CBM
functional objectives, but these suggested methods should not be considered to be the sole means
to achieve CBM objectives. The Handbook is intended for use by:

a. Aircraft life cycle management personnel defining guidance for CBM implementation
in existing or new acquisition programs. This Handbook should be used as a foundation for CBM
to ensure that the resulting program meets Army requirements for sustained airworthiness through
maintenance methods.

b. Contractors incorporating CBM into existing or new acquisition programs for US Army
aircraft system equipment. In most cases, a CBM Management Plan should be submitted to the
Government as part of the Statement of Work for the acquisition, as required by the Request for
Proposal or Contract. The management plan should apply to aircraft systems, subsystems, and the
basic aircraft. The management plan will outline the contractors proposed methods for achieving
CBM goals listed in the Request for Proposal and the management control actions which guide
implementation. :

3. This document provides guidance and reference standards to be used in development of
data, software, and equipment to support CBM for systems, subsystems, components of US
Army aircraft systems. CBM enables proactive and predictive maintenance approaches driven by
condition sensing and integrated, analysis-based decisions. Maintenance actions are performed
on equipment where there is evidence of a need based on the condition or status of the equipment
instead of specified calendar or time based limits, such as Component Retirement Time, while
not increasing the system baseline risk. This Design Handbook describes elements that enable
Condition Based Maintenance methodologies, or modified inspection and removal criteria of
components, based on measured condition and actual usage. Adjustment to maintenance applies
to either legacy systems with retro-fitted and validated CBM systems as well as new systems
developed with CBM integrated into the design requirements. Maintenance adjustments can
either decrease or increase the components installed life, depending on the severity of operational
use and the detection of faults.

4. Comments, suggestions, or questions on this document should be addressed to
Commander, US Army Research, Development and Engineering Command, Aviation and
Missile Research, Development and Engineering Center, RDMR-AE, Huntsville, AL 35898.
Since contact information can change, verify the currency of this address information at
https://www.amrdec.army.mil/amrdec/rdmr-se/tdmd/Standard Aero.htm.
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5. The US Army Aviation and Missile Research, Development and Engineering Center
would like to recognize the support provided by the Vertical Lift Consortium Technical Area of
Joint Interests group. Their help and guidance in this work is greatly appreciated.

6. The Notes section of this ADS provides the Scope for each Appendix.

7. Definitions provided within this document are based on the usage and references within
this document.

8. Specific technical questions should be addressed to the following office:

US Army Aviation and Missile Research, Development and Engineering Center
Redstone Arsenal

RDMR-AE

Building 4488, Room B-362

Attn: William Alvarez

Redstone Arsenal, AL 35898-5000
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1. SCOPE

1.1 Scope. This document, an Aeronautical Design Standard (ADS) Handbook (HDBK),
provides guidance and defines standard practices for the design, assessment, and testing for all
elements of a Condition Based Maintenance (CBM) system including: analytical methods,
sensors, data acquisition (DA) hardware, and signal processing software. ADS-79 includes
guidance regarding data management standards necessary to support CBM as the maintenance
approach to manage and maintain systems, subsystems, and components of US Army aircraft.
Processes within ADS-79 include defining CBM methodologies and benefits such as modified
inspection and removal criteria of components based on measured condition and actual usage
enabled as a result of CBM implementation. ADS-79 is organized with its main body providing
general guidance, and appendices governing more detailed guidance resulting from application
of technical processes.

There are four objectives in the implementation of CBM:

a. Reduce burdensome maintenance tasks currently required to assure continued
airworthiness

b. Increase aircraft availability
c. Improve flight safety
d. Reduce sustainment costs

Any changes to maintenance practices identified to meet CBM objectives shall be
reviewed from a technical perspective to ensure continued airworthiness. This document
provides specific technical guidance for CBM to ensure the resulting system is effective and
meets the implementation objectives.

2. APPLICABLE DOCUMENTS

2.1 General. The documents listed below are not necessarily all of the documents
referenced herein, but are those helpful in understanding the information provided by this
handbook.

2.2 Government documents. The following specifications, standards, and handbooks
form a part of this document to the extent specified herein.

2.2.1 Specifications, standards, and handbooks. The following specifications, standards,
and handbooks form a part of this document to the extent specified herein.

DEPARTMENT OF DEFENSE HANDBOOKS

ADS-51-HDBK - Aeronautical Design Standard Handbook:
Rotorcraft and Aircraft Qualification (RAQ)
Handbook
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(Copies of this document are available from https://www.amrdec.army.mil/amrdec/rdmr-
se/tdmd/StandardAero.htm or from the AMCOM Standardization Office at 256-876-6360 or
usarmy.redstone.amcom.mbx.g6-foia-office@mail.mil.)

2.2.2 Other Government documents, drawings, and publications. The following other
Government documents, drawings, and publications form a part of this document to the extent
specified herein.

US ARMY REGULATIONS
Army Regulation 70-62 - Airworthiness Qualification of Aircraft Systems.
Army Regulation 750-1 - Army Materiel Maintenance Policy.
Department of the Army - Functional Users Manual for the Army
Pamphlet DA PAM 738-751 Maintenance Management System—Aviation,

(TAMMS-A).
(Copies of this document are available from http://www.apd.army.mil or customer service at
314-592-0910 or email us at usarmy.stlouis.106-sig-bde.mbx.dolwmddcustsrv@mail.mil)

MILITARY STANDARDS
MIL-STD-882 - DOD Standard Practice for System Safety
MIL-STD-1553 - Digital Time Division Command/Response
Multiplex Data Bus
MIL-HDBK-1823 - Non-Destructive Evaluation System Reliability

Assessment, DoD
(Copies of these documents are available online at http://quicksearch.dla.mil or from the
Standardization Document Order Desk, 700 Robbins Avenue, Building 4D, Philadelphia, PA
19111-5094.)

DEPARTMENT OF DEFENSE DOCUMENTS
DoDI4151.22 - Condition Based Maintenance Plus (CBM+) for
Materiel Maintenance. Department of Defense
Instruction Number 4151.22.
http://www.dtic.mil/whs/directives/corres/pdf/4
15122p.pdf
DOD Guidebook for CBM+ - https://acc.dau.mil/CommunityBrowser.aspx?id
=498822
(Copies of this document are available from https://www.dtic.mil or Defense Technical
Information Center, 8725 John J. Kingman Road, Suite 0944, Fort Belvoir, VA 22060-6218.)

FEDERAL AVIATION ADMINISTRATION
FAA AC 29-2C - Certification of Transport Category Rotorcraft.
FAA AC 29-2C MG15 - Airworthiness Approval of Rotorcraft Health Usage
Monitoring Systems (HUMS)



ADS-79E-HDBK

(Copies of these documents are available at
https://www.faa.gov/regulations_policies/advisory circulars/.)

DEPARTMENT OF TRANSPORTATION
DOT/FAA/AR-04/19 - Hazard Assessment for Usage Credits on Helicopters
Using Health and Usage Monitoring System
(Copies of this document are available from http://www.tc.faa.gov/its/worldpac/techrpt/ar04-
19.pdf) or write Office of Aviation Research, Washington, D.C. 20591.

7.3 Non-Government publications. The following documents form a part of this
document to the extent specified herein.

ASTM INTERNATIONAL (AMERICAN SOCIETY FOR TESTING AND MATERIALS)

ASTM D664 - Standard Test Method for Acid Number of
Petroleum Products by Potentiometric Titration

ASTM E1049 - Standard Practices for Cycle Counting in Fatigue
Analysis

(Copies of these documents are available online at http://www.astm.org or from the ASTM
International, 100 Barr Harbor Drive, P.O. Box C700, West Conshohocken, PA 19428-2959.)

INTERNATIONAL ORGANIZATION FOR STANDARDIZATION (ISO)

ISO 13374 - Condition Monitoring and Diagnostics of Machines
(Copies of this document are available at http://www.iso.org International Organization for
Standardization, ISO Central Secretariat, 1, ch. de la Voie-Creuse, CP 56, CH-1211 Geneva 20,
Switzerland, E-mail: central@iso.org, Tel. : +41 22 749 01 11 Fax : +41 22 733 34 30)

OTHER
MIMOSA OSA-CBM - MIMOSA Open System Architecture for Condition-
Standard Based Maintenance

(Copies of this document are available from http://www.mimosa.org MIMOSA, Administrative
Office, 204 Marina Drive Ste 100, Tuscaloosa, AL 35406, Phone 1-949-625-8616.)

Felker, Douglas - PM/FM Matrix & CBM Gap Analysis in Reliability
Centered Maintenance. Presented to the 2006 DoD
Maintenance Symposium
(Copies of this document are available from source as noted.)

SAND 2003-3769 - Verification, Validation and Predictive Capability in
Computational Engineering and Physics, Sandia
National Laboratories
(Copies of this document are available from http://prod.sandia.gov/techlib/access-
control.cgi/2003/033769.pdf)

RTCA
RTCA DO-178 - Software Considerations in Airborne Systems and
Equipment Certification
RTCA DO-201 - Standards for Aeronautical Information

3
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(Copies of these documents are available from http://www.rtca.org/ or RTCA, Inc., 1150 18th
Street, NW Suite 910, Washington, DC 20036, Tel: 202-833-9339, Fax:202-833-9434

info@rtca.org)
SOCIETY OF AUTOMOTIVE ENGINEERS (SAE) INTERNATIONAL

SAE Aerospace Information - Legal Issues Associated with the Use of Probabilistic

Report AIR5113 Design Methods. 7 June 2002.

SAE JA1011 - Evaluation Criteria for Reliability Centered
Maintenance Processes

SAE JA1012 - A Guide to Reliability Centered Maintenance
Standard

(Copies of these documents are available from http://www.sae.org/standards/ or SAE World
Headquarters, 400 Commonwealth Drive, Warrendale, PA 15096-0001 USA. Phone (Us) 1-
877-606-7323) '

3. DEFINITIONS
3.1 Definitions.

3.1.1 Acid Number. A measure of the acidity of an oil sample expressed as the weight in
milligrams of the amount of potassium hydroxide required to neutralize one gram of the oil, as
prescribed by the ASTM D664 (potentiometric) or ASTM D974 (colorimetric) test methods.
Provides an indication of lubricant degradation.

3.1.2 Airworthiness. A demonstrated capability of an aircraft or aircraft subsystem or
component to function satisfactorily when used and maintained within prescribed limits (AR 70-
62; 21 May 2007, P. 13).

3.1.3 Atomic Emission Spectroscopy. A test used to determine the relative concentration
of wear-metals and some oil additives in lubricating oil by measuring the intensity of the
characteristic emission lines of atoms heated to a state of excitation by an electric arc or an
induction heater. Provides the elemental content in an oil sample.

3.1.4 Baseline Risk. The accepted risk in production, operations, and maintenance
procedures reflected in frozen planning, the Operator’s Manuals, and the Maintenance Manuals
for the baseline aircraft. Maintenance procedures include all required interval condition
inspections, retirement times, and Time Between Overhauls (TBOs).

3.1.5 Condition Based Maintenance (CBM). The application and integration of
appropriate processes, technologies, and knowledge-based capabilities to improve the target
availability, reliability, and operation and support costs of DoD systems and components across
their lifecycle. At its core, CBM is maintenance performed based on evidence of need,
integrating RCM analysis with those enabling processes, technologies, and capabilities that
enhance the readiness and maintenance effectiveness of DoD systems and components. CBM

4
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uses a systems engineering approach to collect data, enable analysis, and support the decision-
making processes for system acquisition, modernization, sustainment, and operations (as used in
this handbook CBM is equivalent to CBM+ per DoDI 4151.22; 16 October 2012, P. 9).

3.1.6 Condition Indicator (CI). An algorithm that combines one or more features.

3.1.7 Condition Monitoring. The technique of monitoring equipment parameters during
operation in order to detect behavior anomalies and trends.

3.1.8 Confidence Interval. An interval constructed from random sampling that, with
known probability, contains the true value of a population parameter of interest.

3.1.9 Confidence Level. The probability that a confidence interval contains the true value
of a population parameter of interest. When not otherwise specified in this ADS, the confidence
level should be assumed to equal 0.9 (or 90%).

3.1.10 Credible Failure. (as used within ADS-79) An indicated failure that is supported
by engineering test, probabilistic risk analysis, or actual occurrences of failure.

3.1.11 Critical Safety Item (CSI). A part, an assembly, installation equipment, launch
equipment, recovery equipment, or support equipment for an aircraft or aviation weapon system
that contains a characteristic any failure, malfunction, or absence of which could cause (1) a
catastrophic or critical failure resulting in the loss of or serious damage to the aircraft or weapon
system; (2) an unacceptable risk of personal injury or loss of life; or (3) an uncommanded engine
shutdown that jeopardizes safety. Damage is considered serious or substantial when it would be
sufficient to cause a “Class A accident or a mishap of severity category 1.

For the purpose of this ADS " Critical Safety Item”, " Flight Safety Critical Aircraft
Part”, “Flight Safety Part”, “Safety of Flight Item”, and similar terms are synonymous. The
term Critical Safety Item should be the encompassing term used throughout this handbook.

3.1.12 Data Availability. Data Availability refers to the provisions taken to ensure that
the data are available to the maintenance user at the time of need. These provisions include the
use of a reliable delivery mechanism as well as storage media.

3.1.13 DataBase Management System. A database management system (DBMS) is a
computer software application that interacts with the user, other applications, and the database
itself to capture and analyze data. A general-purpose DBMS is designed to allow the definition,
creation, querying, update, and administration of databases.

3.1.14 Data Dredging. The use of data science based algorithms to discover patterns that
appear to be statistically significant without first devising a specific hypothesis as to the
underlying causality.

3.1.15 Data Integrity. The provisions taken so the data are unchanged (not missing or
corrupted) from when it was initially acquired, as reflected in RTCA DO-201A Section 2.
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3.1.16 Data Reduction. Data Reduction refers to any action taken to reduce the volume of
the measured data without compromising the value of the data with regard to its intended
purpose.

3.1.17 Data Reliability. Data Reliability refers to the provisions taken so the data can be
used for its purposes in the CBM system as a result of steps taken to ensure its integrity and
availability.

3.1.18 Data Security. Data Security refers to the provisions taken to ensure that the data
are protected from corruption from malicious acts, unauthorized access, or accidental
mishandling.

3.1.19 Data Verification. Data Verification refers to the steps taken to confirm the
integrity of data retrieved from a storage system. These techniques include the use of hash

functions on data read-back or the use of a Message Integrity Code or Message Authentication
Code.

3.1.20 Design Usage. A representation of the usage, mission profiles, and operational
environment to which an item, assembly, or system is expected to be exposed based on its
performance specification.

3.1.21 Digital Source Collector (DSC). An on-board aircraft data recording system used
to collect raw parametric and sensor data from aircraft systems, including data intended for use
in subsequent CBM-related analysis and processing.

3.1.22 End-to-End. Encompassing the mechanisms from the point at which the data are
collected (acquired) to the point in which the data are destroyed including transmission,
computation, storage, retrieval, and disposal.

3.1.23 Exceedance. An event in which the equipment operates outside of its specified
limits.

3.1.24 False Negative. The monitoring system does not detect a fault that does exist.
3.1.25 False Positive. The monitoring system detects a fault that does not exist.

3.1.26 Failure. The loss of function of a part, component, or system caused by the
presence of a fault.

3.1.27 Fault. An undesired anomaly in an item or system.

3.1.28 Features. Properties calculated from measurements of a system, such as aircraft.
Features are the basis of decision making by the HUMS.

3.1.29 Feature Extraction. Pre-processing to transform one or more existing features into
one or more derived features.

3.1.30 Feature Selection. The process of determining the features used by an algorithm.
This can be done through automated processing such as machine learning methods, physics of
failure models, or other heuristic methods
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3.1.31 Filter Debris Analysis. The removal and analysis of debris from machinery filters.
The process extracts, counts and sizes debris then determines metallurgical composition of the
debris, generally by x-ray fluorescence (XRF) spectroscopy.

3.1.32 Full Authority Digital Engine Control (FADEC). An engine control system
wherein the control algorithms are implemented on a digital computer. The FADEC controls all
aspects of engine performance and operation.

3.1.33 Ground Air Ground Cycles (GAG). Relatively low-frequency large-amplitude load
cycles occurring during a given flight, but not present in any single flight condition. Examples
include rotor start and stop cycles and load fluctuations between the various flight conditions
encountered during performance of a mission.

3.1.34 Health Indicator (HI). The result of one or more CI values signaling for a need for
maintenance action.

3.1.35 Health Monitoring. The technique of monitoring the output of a single and/or
multiple condition indicators during operating conditions used to diagnose faulty states and
predict future degradation of the equipment.

3.1.36 Health Usage Monitoring System. Equipment / techniques / procedures by which
selected incipient failure or degradation can be determined.

3.1.37 Karl Fischer Titration. Titration method that uses coulometric or volumetric
titration to determine trace amounts of water in an oil sample.

3.1.38 Knowledge Discovery. The process of searching data for patterns that contain
useful information. This process may use machine learning techniques and result in information
that guides the development of Condition Indicators, feature selection algorithms, or feature
extraction algorithms.

3.1.39 Legacy Aircraft. An aircraft in an operational unit that has passed its scheduled
IOC (initial operational capability).

3.1.40 Loads Monitoring. Equipment, techniques, or procedures used to measure the
loads (such as, forces or moments) experienced by an aircraft component during operational
flight.

3.1.41 Machine Learning. The field of study dedicated to algorithms that can learn from
data. Machine learning algorithms are trained through rigorous techniques that can be split into
two general topics: supervised learning and unsupervised learning.

3.1.42 Maintenance Credit. The approval of any change to the maintenance guidelines for
a specific end item or component, such as an extension in maintenance intervals.

3.1.43 Mission Profile. A description of aircraft operations experienced in the course of a
nominal mission based on time and occurrences of operating conditions.
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3.1.44 Qil-wetted Component (Oil-washed). Machinery components that are lubricated
by oil in a bath or pressurized lubrication system. The component may have its own oil system
such as the Apache nose gearbox or the oil system may supply multiple components such as the
Chinook transmission.

3.1.45 Overfitting. The phenomenon that occurs when a statistical model learns random
noise in the data rather than an underlying relationship.

3.1.46 Physics of Failure. The physical phenomena that are analytically defined and
describe the process by which a mechanical component fails during operation.

3.1.47 Prognosis. The prediction of life or estimated degradation of a component or the
time before failure based on the parametric and sensor data.

3.1.48 Regime. Aircraft load event categorized by aircraft configuration, flight
environment, operating condition type, and severity.

3.1.49 Regime Recognition. The process of using flight data to identify flight regime
occurrences and durations.

3.1.50 Reliability. The calculated statistical probability that a functional unit will perform
its required function for a specified interval under stated conditions.

3.1.51 Reliability-Centered Maintenance. A logical, structured process for determining
the optimal failure management strategies for any system, based upon system reliability
characteristics and the intended operating context.

3.1.52 Remaining Useful Life (RUL). The actual or predicted useful life left on a
component at a particular time of operation.

3.1.53 RIMFIRE. Reliability Improvement through Failure ID and Reporting. RIMFIRE
is a program wherein high value components selected by the US Army have a pre shop analysis
performed on them when they are inducted into depot facilities for disposition and rework. The
pre shop analysis data consists of photos and component records information that is periodically
evaluated by a team of experts for determining root cause of component returns and failures.
RIMFIRE is also used in the metrics of HUMS performance, especially as the only program to
provide existence of false negative indications for missed alerts on critical component sensors.

3.1.54 Structural Usage Monitoring. Monitoring the operational use of the aircraft to
support structural integrity activities such as component inspection, retirement intervals, and
usage spectrum updates.

3.1.55 Structural Usage Monitoring System (SUMS). System to manage structural
components that utilizes one or more CBM technologies including regime recognition, loads
measurement or estimation, and structural health.

3.1.56 Supervised Learning. The process of training a function estimation algorithm
using a dataset consisting of inputs and desired outputs.
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3.1.57 Trend Analysis. Monitoring of the level and rate of change over operating time of

measured parameters.

3.1.58 Unsupervised Learning. The process of discovering patterns, clusters or other

knowledge from data consisting only of inputs.

3.1.59 Usage Spectrum. Operating condition distribution used in fatigue analysis that

allocates time or number of occurrences of each operating condition over a period of operation.

3.1.60 Validation. The process of evaluating a system or softiware component during, or
at the end of, the development process to determine whether it satisfies specified requirements.

3.1.61 Verification. Confirms that a system element meets design-to or build-to

specifications.

3.2 Acronyms.

1P
ADS
AED
AES
AG
AMCOM
AN
AOAP
AOB
APU
AR
ASTM
AWR
BIT
BITE
BPFI
BPFO
BSF
CAD
CBM
CFF
CG
Cls
COTS

Once Per Revolution
Aeronautical Design Standard
Aviation Engineering Directorate
Atomic Emission Spectroscopy
Advisory Generation

Aviation and Missile Command
Acid Number

Army Oil Analysis Program
Angle of Bank

Auxiliary Power Unit

Army Regulation ‘
American Society for Testing and Materials
Airworthiness Release

Built-in Test

Built-In Test Equipment

Inner Race Ball Pass Frequency
Outer Race Ball Pass Frequency
Ball Spin Frequency
Component Advanced Design
Condition Based Maintenance
Cage Faulty Frequency

Center of Gravity

Condition Indicators
Commercial Off-The-Shelf
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CSI Critical Safety Item

DA Data Acquisition

DAL Data Algorithm 1

DAD Detection Algorithm Development
DAL Design Assurance Level

DA PAM Department of the Army PAMphlet
DAU Defense Acquisition University
DBMS DataBase Management System

DoD Department of Defense

DOT Department Of Transportation

DSC Digital Source Collector

DUS Design Usage Spectrum

EGT Exhaust Gas Temperature

EHMS Engine Health Monitoring System
EMS Engine Monitoring System

ESU Electrical Sequencing Unit

FAA Federal Aviation Administration
FADEC Full Authority Digital Engine Control
FDA Filter Debris Analysis

FHA Functional Hazard Assessment

FLM Fatigue Life Management

FLS Flight Load Survey

FMECA Failure Modes Effects Criticality Analysis
FN False Negative

FP False Positive

FTIR Fourier Transform Infrared

GAG Ground Air Ground

GW Gross Weight

HA Health Assessment

HDBK Handbook

HCF High Cycle Fatigue

Hls Health Indicators

HUMS Health and Usage Monitoring System
AW In Accordance With

ICP Inductively Coupled Plasma

IEEE Institute of Electrical and Electronics Engineers
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[ETM Interactive Electronic Technical Manuals

IR Infrared

ISO International Organization for Standardization
ITT InterTurbine Temperature

[VHMS Integrated Vehicle Health Management System
JSSG Joint Service Specification Guide

KFT Karl Fischer Titration

LCF Low Cycle Fatigue

LME Loads Monitoring and Estimation

LNF LaserNet Fines

LRU Line Replaceable Unit

MES Main Engine Start

MIL-STD Military Standard
MIMOSA Machinery Information Management Open Standards Alliance

MSPU Modern Signal Processing Unit
MTBF Mean Time Between Failure

MTTR Mean Time to Repair

NDE Non-Destructive Equipment

NDI Non-Destructive Inspection

NGB Nose Gearbox

ODM Oil Debris Monitoring

OEM Original Equipment Manufacturer
PA Prognostics Assessment

PEO Program Executive Officer

PHM Prognostics and Health Management
PM Program Managers

POD Probability Of Detection

PODF Probability Of Detecting a Fault
PPM Parts Per Million

PTIT Power Turbine Inlet Temperature
RCM Reliability Centered Maintenance
RIMFIRE Reliability Improvement through Failure ID and Reporting
ROC Receiver Operating Characteristic
RUL Remaining Useful Life

SAE Society of Automotive Engineers International

SARSS Standard Army Retail Supply System

11



ADS-79E-HDBK

SD State Detection

SFT Seeded Fault Testing

SHM Structural Health Monitoring

STA Synchronous Time Averaging
STAMIS STandard Army Management Information System
SUMS Structural Usage Monitoring System
TBO Time Between Overhauls

TDA Tear Down Analysis

TEI Total Electrical Impedance

™ Technical Manual

TN True Negative

TOS Top Of Scatter

TP True Positive

V&V Verification and Validation

Vh Maximum Level Flight Airspeed
Ve Never Exceed Airspeed

XRF X-Ray Fluorescence

4. GENERAL GUIDANCE

4.1 CBM background. Department of Defense (DoD) policy on maintenance of aviation
equipment has employed Reliability-Centered Maintenance (RCM) analysis and methods (Ref
DOD CBM+ Guidebook, SAE JA1011, & SAE JA1012) to avoid the consequences of material
failure. The structured processes of RCM have been part of US Army aviation for decades. RCM
analysis provides a basis for developing requirements for CBM through a process known as Gap
Analysis'.

The purpose of Condition-Based Maintenance is to take maintenance action on
equipment where there is evidence of need. Maintenance guidance is based on the condition or
status of the equipment instead of specified calendar or time-based limits while preserving the
system baseline risk. The key to implementing CBM is to tailor CBM for the targeted platform.
Tailoring is achieved by defining what is practical to implement versus attempting to implement
condition-based maintenance on all possible equipment. This Aeronautical Design Handbook
describes the elements that enable CBM modified inspection and removal criteria of components
based on measured condition and actual usage based on systems engineering methods.

Condition-Based Maintenance is a set of maintenance processes and capabilities derived
primarily from real-time assessment of system condition obtained from embedded sensors,

b Felker, Douglas, “PM/FM Matrix & CBM Gap Analysis in Reliability Centered Maintenance,” presented to the
2006 DoD Maintenance Symposium.
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external test, and measurements using portable equipment. CBM is dependent on the collection
of data from sensors and the processing, analysis, and correlation of that data to material
conditions that require maintenance actions. Maintenance actions are essential to the sustainment
of materiel to standards that ensure continued airworthiness.

The core of CBM is reliant upon data, therefore standards and decisions regarding data,
their collection, transmission, storage, and processing dominate the requirements for CBM
system development. CBM is an opportunity to improve maintenance and business processes,
with the principal objective being improved maintenance performance across a broad range of
benefits, including greater productivity, shorter maintenance cycles, lower costs, increased
quality of the process, better availability, and enhanced reliability of materiel resources. CBM
has multiple systems applicability that motivated the development of an international
overarching standard for CBM. The standard, known as ISO 13374, “Condition Monitoring and
Diagnostics of Machines™, provides the framework for CBM.

This handbook is consistent with Machinery Information Management Open Standards
Alliance (MIMOSA), a United States organization of industry and Government, and published as
the MIMOSA Open Systems Architecture for Condition Based Maintenance (OSA CBM) v3.2.
MIMOSA standard is embodied in the requirements for CBM found in the Common Logistics
Operating Environment component of the US Army’s information architecture for the Future
Logistics Enterprise. This document considers the application of CBM only to US Army aircraft
systems.

CBM as applicable to non-military rotorcraft is handled by the Federal Aviation
Administration (FAA). The FAA has authored an Advisory Circular (AC 29-2C MG15) that
specifies the required practices and methods for achieving CBM goals. This ADS is intended to
align with FAA policy guidance as best as possible, however some differences do exist.

4.2 CBM methodology. Three basic methodologies enable CBM practice:

a. Embedded diagnostics/prognostics for components that have specific detectable faults
(example, drive systems components with fault condition indicators derived from vibratory
signature changes and sensors acceptable for tracking corrosion damage).

b. Structural usage monitoring based on introducing a combination of regime recognition
technologies, Loads Monitoring and Estimation (LME) technologies, and structural health
monitoring (SHM) technologies.

c. Fatigue Life Management (FLM), through estimating the effect of specific usage in
flight states that incur fatigue damage as determined through fatigue testing, modeling, and
simulation.

4.2.1 Embedded diagnostics/prognostics. Health and Usage Monitoring System (HUMS)
technology has evolved over the past several decades in parallel with the concepts of CBM.
HUMS have expanded from measuring the usage of the systems (time, flight parameters, and
sampling of performance indicators such as temperature and pressure) to forms of fault detection
through signal processing. Signal processing typically records instances of operation beyond
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prescribed limits referred to as exceedances, which are used as inputs to troubleshooting or
inspection actions to restore system operation. The combination of sensors and signal processing,
embedded diagnostics/prognostics enables the capability to provide component condition and
indication of need for maintenance action. When embedded diagnostics/prognostics capabilities
are extended to CBM functionality (state detection and prognosis assessment), the following
general characteristics should be included:

a. Sensor Technology: Sensors should have high reliability and high accuracy (see E.5.2).
There is no intent for recurring calibration of these sensors.

b. Data Acquisition: On-board data acquisition hardware should be reliable, scalable, and
upgradeable. Other characteristics may be considered by the project manager.

¢. Sensor Selection: Sensors should be selected and/or designed in such a way the
predominant sensor failure mode does not affect operational performance of the
monitored system or aircraft.

d. Algorithms: Fault detection algorithms are applied to the acquired data to
provide condition and health indicators. Validation and verification of the Condition
Indicators (Cls) and Health Indicators (HIs) included in the CBM system are required to
establish condition-based maintenance methodologies for maintenance and airworthiness.
Basic properties of the algorithms are: (1) sensitivity to the faulted condition, and (2)
insensitivity to conditions other than the faulted condition. The algorithms and
methodology should demonstrate the ability to account for exceedances, missing, or
invalid data. Once verified and validated, there should be the presence of continuous
assessment of algorithm performance. Algorithms utilized as maintenance practice
enhancements (versus a maintenance practice replacement) with reliability not verified
and validated need only demonstrate a level of reliability acceptable to the platform
manager and maintainer, as in, they exhibit an acceptable level of increased maintenance
associated with false positives.

4.2.2 Structural usage monitoring system. Data collection for structural usage
monitoring system (SUMS) analysis is essential for CBM system use. SUMS is not
necessarily flight critical or mission critical as long as the SUMS does not provide
actionable input to the pilot or control the aircraft during flight. When the SUMS is not
flight critical, the SUMS should be maintained and repaired as soon as practical to avoid
significant data loss and degradation of CBM benefits to FLM. Specifically, such data
gaps may delay refinement of usage spectrums or add conservatism to individual
component fatigue damage assessments. As technology advances, system design may
lead to more comprehensive integration of SUMS with mission systems. The extent of
that future integration may lead to SUMS being part of mission or flight critical
equipment or software. In this case, the SUMS bears the same priority as mission or
flight critical equipment relative to the requirement to restore its proper operation and
requires the same level of software qualification as all flight critical systems.
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In the context of data management on the platform, every effort should be made to
conform to existing vehicle architectures and common military standards for data acquisition and
collection. Military vehicles typically use MIL-STD-1553, Digital Time Division
Command/Response Multiplex Data Bus?, for sending multiple data streams to vehicle
processors. As the use of commercial off-the-shelf (COTS) hardware and software has become
more prevalent, the use of data transfer standards for commercial aircraft or telecommunications
may be acceptable as design standards for CBM in aviation systems.

4.2.3 Fatigue damage monitoring. Fatigue damage is estimated through calculations
which use loads on aircraft components experienced during flight. These loads are dependent on
environmental conditions (such as temperature and altitude), aircraft configuration parameters
(such as gross weight (GW), center of gravity (CG), and external stores), and aircraft state
parameters related to maneuvering: air speed, aircraft attitudes, power applied, and acceleration.
SUMS may apply regime recognition or loads monitoring and estimation to enable fatigue
damage estimation. In order to establish regime recognition algorithms or loads estimation
algorithms as the basis for loads and retirement time adjustment, the algorithms should be
validated with parameter and loads data from representative load survey flight testing. Detailed
guidance for development, validation, and use of regime recognition algorithms is contained in
5.6 and Appendices A and B. Detailed guidance for development, validation, and use of loads
monitoring and estimation is contained in 5.6 and Appendices A and C.

For legacy aircraft operating without CBM capabilities, retirement intervals for structural
components are typically established based on usage derived from pilot surveys, test-established
fatigue strength, loads from flight loads surveys, and Safe Life calculations. Structural loading of
the aircraft in flight, including instances which are beyond prescribed limits (exceedances) for
the aircraft or its components on legacy platforms typically use a rudimentary sensor or data
from a cockpit display with required post-flight inspection as the means to assess damage. The
advent of data collection from aircraft sensors, typically performed on-board an aircraft by a
Digital Source Collector (DSC) enables methods that improve accuracy of the previous detection
and assessment methods. The current process for establishing retirement intervals of structural
components and evaluating load exceedances will be enhanced by the use of actual service usage
or measured loads.

4.2.3.1 Regime recognition (usage identification). Accurate identification and sequential
tracking of flight regimes experienced by the aircraft enable two levels of refinement for fatigue
damage management: (1) the baseline composite worst case usage spectrum can be refined over
time as the actual mission profiles and mission usage can be compared to the current design
usage spectrum, and (2) individual component fatigue damage assessment estimates can be based
on specific aircraft flight history instead of the baseline composite worst case usage spectrum for
the total aircraft population.

2 MIL-STD-1553B. Digital Time Division Command/Response Multiplex Data Bus. 15 January 1996.
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4.2.3.1.1 Refined usage spectrum. Knowledge of the actual aircraft usage may be
used to refine the current usage spectrum used to determine the aircraft service schedules
and component retirement times. The refined usage spectrum enables changes in fleet
component retirement intervals to account for global changes in usage of the aircraft. The
usage spectrum may also be refined for specific periods of operation. An example is
refining the usage spectrum to account for the operation of a segment of the fleet in
countries where the mean altitude, temperature, or exposure to hazards can be
characterized. The use of DSC data to establish an updated baseline usage spectrum in
conjunction with pilot load surveys will improve the accuracy of establishing current fleet
usage. Additional guidance for the refinement of usage spectrums is given in section 5.6
and Appendices A and B.

4.2.3.1.2 Individual component fatigue damage assessment. To perform individual
component fatigue damage assessment for specific aircraft components requires a data
management infrastructure that can correlate aircraft regime recognition and flight history
data to individual components and items which are tracked by serial number. The
individual component fatigue damage assessment is dependent on specific systems to
track usage by part serial numbers. In this case, the logistics system should be capable of
tracking the specific part (by serial number) and the specific aircraft (by tail number).
The actual usage of the part, and an estimate of its Remaining Useful Life, can be
determined from the usage data of the aircraft (tail numbers) for the part (serial numbers).
When structural usage monitoring and component part tracking are not considered flight
critical systems, if either of these systems fail without bias, an alternative is to apply the
most current design usage spectrum and the associated fatigue methodology for any
period of flight time in which the usage monitor data or the part tracking data are not
available. As such, use of the individual component fatigue damage assessment method
does not necessarily eliminate the need to periodically refine the fleet usage spectrum
based on use of DSC data. To avoid bias due to missing data, any potential correlation
between usage and missing data should be monitored and assessed. Additional guidance
for the implementation of the individual component fatigue damage assessment is given
in Appendices A and B.

4.2.3.2 Remediation of fatigue sensitive components. Remediation may be used to
address components that are found to be routinely removed from service without reaching
the fatigue safe life (component retirement time or retirement interval). The process of
remediation involves (1) the identification of removal causes that most frequently occur
and (2) performing analysis or testing, as appropriate, to determine any potential
structural integrity impacts of allowing changes to existing damage or repair limits. Often
the cause of early removal is damage such as nicks, dings, scratches, or wear. Details for
implementation of remediation are found in Appendix A. When remediation action is
taken to increase repair limits, it should be documented in maintenance manuals,
including Technical Manuals (TMs) and Depot Maintenance Work Requirements.
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4.3 CBM implementation strategies. Department of the US Army policy states CBM is
the preferred maintenance approach for US Army aircraft systems and this ADS provides
guidance and standard practices for its implementation. Establishing CBM is a complex
undertaking with interrelated tasks that span elements of design engineering, systems
engineering, integrated logistics support, and user training. The complexity and scope of the
undertaking can cause uncertainty as to where or how to begin the process. The following is
provided as guidance in using ADS-79 for transition from the established maintenance program
to CBM for an aircraft already in service, known herein as legacy aircraft, and new development
aircraft.

4.3.1 CBM for legacy aircraft. CBM implementation on legacy aircraft has the primary
benefit of direct experience with the legacy aircraft design. For example, legacy field data related
to teardowns, RIMFIRE, and reliability data may be used to target CBM technology applications
to provide the greatest benefit. Potential pitfalls to implementing CBM on legacy aircraft include
the tendency to limit the selection and development of technologies based on legacy system
suitability and easiest to achieve, thereby constraining the benefits of CBM technologies to
achieve only incremental improvements. Also, applications of CBM technology to legacy
aircraft may simply be tailored to the legacy aircraft by the PM, without the benefits of OEM
integration across a larger performance and cost trade space.

4.3.2 CBM for new development aircraft. CBM implementation on a new development
aircraft will only be able to incorporate indirect experience, which is based on projecting and
scaling the field experience from similar legacy aircraft. Despite this challenge, the CBM
technologies for new development aircraft may be selected based on the air vehicle performance
specification using an integrated approach by the OEM. As a result, new development aircraft
may be expected to realize the full potential of CBM, with a correspondingly greater dependence
on CBM technologies. The potential benefits of fully integrated CBM technologies may lead
some OEMs to consider the potential benefits of implementing flight critical applications of
CBM, which will stretch the bounds of applications envisioned by contributors to this handbook.

4.3.3 Ground-based equipment. The use of data to modify maintenance practice is the
heart of CBM. As such, the ground-based equipment that is used to complete the data processing,
analysis of sensor data, infer components integtity, forecast remaining useful life, and decide
appropriate maintenance actions, is a vital part of the CBM system. The CBM data architecture
and ground-based equipment used to interface with the DSC should be capable of supporting
several types of management actions that support optimal maintenance scheduling and
execution:

a. Granting maintenance credits (changes to scheduled maintenance) based on
usage/loads monitoring and damage accrual or CI/HI values requires accurate configuration
management of components and parts installed on the aircraft.

b. Ordering parts based on exceeded CI/HI thresholds that indicate the presence of a fault
requires an interface of data from ground-based equipment that feeds the various data systems of
the Army supply chain. This interface should be accomplished to eliminate the need for
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duplicative data entry and be compliant with DoD 8320.02 for data sharing. Ground-
based equipment should enable monitoring of CI/HIs and use the predetermined
thresholds or CI/HI values to allow for anticipatory supply actions, optimized
maintenance planning, and enhanced safety by avoiding a precautionary
landing/recovery/launch. '

¢. Extending/overflying the component retirement time or retirement interval
based on individual component fatigue damage assessment for a specific serialized
component will require automated changes to be recorded in the appropriate component
management information systems.

d. Configuration Management of the Monitoring System should enable the
following items to be displayed on any data output:

i. The date, drawing number revision, and software version of the monitoring
hardware/software.

ii. Any controlled changes to hardware/software configuration items of the
monitoring system.

iii. Compliance with any applicable safety of flight messages and aviation safety
action messages.

iv. A list of software versions, part numbers, and respective serial numbers being
monitored.

4.3.3.1 Additional guidance for serialized tracking. For US Army aircraft systems,
tracking of individual serialized items begins at the time of manufacture and extends
throughout its life cycle. Tracking is accomplished by either manual records or electronic
log book which is an integral part of the component management information system
architecture. Accurate tracking of the installation and maintenance history for each
individual part, as reflected in the electronic log book and other records, is a prerequisite
to applying maintenance credits extending/overflying a fatigue-related retirement or
inspection interval to the individual items based on individual component fatigue damage
assessment estimates.

While one of the objectives of CBM is to provide complete visibility of the
operational history of a serialized component, the US Army’s current maintenance
information systems do not have the capability to meet this objective. Shortfalls include:

a. Lack of software quality methods and quality control tools in the current
system for detection/correction of duplicate entries, typographical errors, and erroneous
entries.

b. Data requirements (scope, data size, and analysis requirements) for this effort
have yet to be defined, which creates uncertainty and risk in defining the Data Storage,
Analysis, and Transmission capabilities required.
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¢. Software inability to calculate and manage varying usage rates (flight hours) based on
operational history.

d. Lack of complete serialization of monitored components

4.4. Guidance for data integrity. CBM systems require collection, processing and storage
of digital data in both on-board aircraft systems and ground station systems. Data are often used
to make critical maintenance decisions regarding the airworthiness and remaining useful life
(RUL) of the vehicle, subsystems, assemblies, or components. Therefore, CBM systems should
have high data reliability. This section describes the system end-to-end design practices to be
used to ensure the integrity, reliability, and security of CBM flight data from its on-board
acquisition, ground station processing, transfer, storage, and usage. Army policy for data
integrity is contained in the following documents: DoDD8320.02, Army Directive 2009-03, and
AMC Data Management Strategy.

Precautions should be taken at each interface of a CBM system to ensure data integrity;
data integrity can be compromised at any point in the system from acquisition to storage and
retrieval. Corruption and loss of data may occur during:

a. Acquisition

b. On-board computation
c. Transmission

d. Storage

e. Retrieval and use

Loss of data integrity may occur inadvertently, or result from willful, malicious attacks.
Prudent practices regarding storage and handling should be developed to guard against both
forms of corruption and loss.

The level of effort required to ensure data integrity is ultimately governed by the severity
of the mitigating failure or malfunction to the CBM system. Failure event severity is graded in
accordance with the criticality levels prescribed by RTCA DO-178C.> The higher the criticality
of the mitigated failure event being prevented, the more stringent the processes and procedures
are to ensure that poor performance by the CBM system is not due to lack of data integrity.

4.4.1 Data criticality. Criticality may be determined by performing a Functional Hazard
Assessment (FHA). The FHA is a top down analysis that starts with the hazards to the aircraft
and traces these hazards to the system, subsystem, and component level in the areas affected by
the CBM system. The FHA may be followed by a preliminary document to the Preliminary
System Safety Assessment to further refine hazards and their safety requirements.

3 RTCA DO-178C: Software Considerations in Airborne Systems and Equipment Certification.
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The severity of effects of the use of each data parameter may be classified using guidance
as provided in RTCA DO-178C Section 2.3.2 on Failure Condition Categorization as listed
below or DoD specific service guidance.

a. Catastrophic: Failure conditions which would prevent continued safe flight or landing.
Failure conditions which would result in multiple fatalities, usually with the loss of the aircraft.

b. Hazardous: Failure conditions which would reduce the capability of the aircraft or the
ability of the crew to cope with adverse operating conditions to the extent that there would be:

i. A large reduction in safety margins or functional capabilities,

ii. Physical distress or excessive workload such that the flight crew cannot be
relied upon to perform their tasks accurately or completely, or

iii. Adverse effects on occupants including serious or potentially
fatal injuries to a small number of those occupants.

¢. Major: Failure conditions which would reduce the capability of the aircraft or the
ability of the crew to cope with adverse operating conditions to the extent that there would be,
for example, a significant reduction in safety margins or functional capabilities, a significant
increase in crew workload or in conditions impairing crew efficiency, or discomfort to the flight
crew, or physical distress to passengers or cabin crew, possibly including injuries.

d. Minor: Failure conditions which would not significantly reduce aircraft safety, and
which would involve crew actions that are well within their capabilities. Minor failure conditions
may include, for example, a slight reduction in safety margins or functional capabilities, a slight
increase in crew workload such as routine flight plan changes, or some physical discomfort to
passengers or cabin crew.,

e. No Safety Effect: Failure conditions that would have no effect on safety; for example,
failure conditions that would not affect the operational capability of the aircraft or increase crew
workload.

Prevention of data corruption and data loss should be mandatory for data where failure of
that facet of the CBM system could result in Catastrophic, Hazardous, or Major consequences.
The prevention of corruption and loss of data should be recommended for data in which failure
of that facet of the CBM system could result in Minor consequences. No special
recommendations on data integrity are made in data for which the failure of the CBM system has
no effect. Mandated guidance, however, does not preclude implementing a conservative practice
which is more stringent than that required to meet the criticality requirement. For example, a
design may include password protection and perform routine storage backup of data used in
making maintenance decisions on aircraft systems whose failure would not result in catastrophic
safety events.

4.4.2 Data corruption. Data corruption and loss may occur at the point of data initiation
during data acquisition; therefore, necessary precautions should be taken to ensure that data are
protected during acquisition. For example, as part of an aircraft on-board data collection system,
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these precautions will take the form of proper shielding from electromagnetic interference in the
vicinity of an analog, electrical sensor. Any action performed as part of the acquisition process in
an effort to reduce the volume of collected data should not compromise the data with respect to
its purpose in the CBM system. For example, data should be captured at a rate that will prevent
distortion. Any filtering or smoothing should not mask features or characteristics.

In most CBM systems, persistent data will ultimately reside in a database. Further data
acquisition will occur at the ground station as technicians access the data and annotate records
with maintenance actions taken; therefore, appropriate input protection should be implemented to
ensure data integrity. For example, a good data acquisition design will incorporate the use ofa
finite number of selectable options, where possible, as opposed to operator-typed entries. For
operator-typed entries, the CBM system should perform input data validation in the form of error
checking against the defined data schema before presenting input to the database. Input data
validation would include testing for operator input correctness and completeness, such as
preventing entry of a character where a numeric is expected. In addition, the system will perform
the appropriate rejected item handling for improper operator entries.

A Relational Database Management System may be used to ensure data integrity in
addition to the user interface of the CBM software. Data integrity is enforced in a DBMS
through the use of integrity constraints and database triggers. Within the DBMS, an integrity
constraint is a declarative method of defining a rule for a table. Integrity constraints must follow
four basic rules:

a. Null Rule: Columns (fields) will disallow INSERTs or UPDATEs to rows
(records) containing a NULL (absence of a value) entry. A value can be invalid for several
reasons. For example, it might have the incorrect data type for the column, or it might be out of
range. A value is missing when a new row to be inserted does not contain a value for a non-
NULL column that has no explicit DEFAULT clause in its definition.

b. Primary Key Rules: Column (field) is identified for containing a primary key
value that is unique to each row (record). Data entries are disallowed for INSERTs and
UPDATES to rows (records) containing non-unique primary key fields.

¢. Relational Integrity Rules: A rule defined on a key (column or set of columns) in
one table that guarantees that the values in that key match the values in akey in a related table
(the reference value). Referential integrity also includes the rules that dictate what types of data
manipulation are allowed on referenced values and how these actions affect dependent values.
An example of a referential integrity rule is set fo default when referenced data are updated or
deleted, all associated dependent data are sef to a default value.

d. Zero Rules: In strict mode, date entries do not permit '0000-00-00" as a valid date.
Dates are disallowed where the year part is nonzero but the month or day part is 0 (for example,
'0000-00-00" is legal but '2010-00-01' and '2010-01-00" are not). Check that the month is in the
range from 1 to 12 and the day is in the range from 1 to 31. Simple range checking does not
apply to TIMESTAMP columns, which always require a valid date. Produce an error in strict
mode (otherwise a warning) when a division by zero (or MOD(X, 0)) occurs during an INSERT
or UPDATE.
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A database trigger is an integrity enforcement rule that refers to a set of database
procedures which are automatically invoked on INSERT, UPDATE, or DELETE query
operations. Trigger functions performed by the DBMS serve to augment the input testing
performed by the user interface of the application software. They are capable of performing more
complex tests of the input fields in the course of a database transaction than a simple integrity
constraint.

4.4.3 Data computation. Data corruption and loss may occur during computation;
therefore, the design should incorporate the necessary precautions to ensure that data are
protected during data processing. Typically, integrity tests conducted as part of data processing
involve the implementation of traps within the application software for error and exception
handling. These software traps will include tests for zero divide as well as the improper operator
entry and input rejection due to the integrity constraints and database triggers in data acquisition.
Other value errors can include missing fields, out-of-bound entry values, ASCII dashes, hyphens,
underscores, and disallowed characters involving backslashes, database functions (SELECT)
used as column fields, and timestamp configurations.

Computational data integrity tests will incorporate Try/Catch blocks, Error Handlers, or
Exception Handling (or their syntactic equivalent, depending on software language) for
accessing a relational database. In addition to trapping integrity tests, this will ensure that data
are not overwritten while being simultaneously accessed by multiple users in the ground station.

System-level computations that can be verified include: compression (gzip), data, and
chunking (rsync) algorithms.

4.4.4 Data transmission. Data corruption and loss may occur during transmission;
therefore, the system design should incorporate the necessary precautions to ensure data integrity
during aircraft on-board and off-board data transmittal. Precautions will range from
electromagnetic interference shielding of cables used to transmit analog data to procedures for
ensuring the integrity of digital information transmitted over a data bus. Digital transmission
procedures range from the use of embedded checksums to the use of error correcting codes for
recovering corrupted data. Check-sum digital hash signatures can be generated using accepted
algorithms such as MD35, CRC, SHA-1. Unrecoverable data lost in the course of transmission
may be resolved with protocols such as automatic re-transmission and transmit/receive
handshaking. Built-in Windows OS testing utilities for file comparisons include the direct
operating system commands: fc, comp, cksum, diff, shasum, and dir for byte comparisons as
common data integrity checks.

In addition to physical ‘line noise’, other possible transmission errors include: factors
affecting completeness of Transmission Control Protocol/Internet Protocol session errors 404
(string too long), 403 (missing data), and time-outs for large files particularly. Data chunking and
compression are two ways to reduce time-out errors. Common checks for transmission errors
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include header checksums, end-of-file markers and byte-alignment checks as described in
checksum algorithms.*

4.4.5 Data storage. Data corruption and loss may occur during storage; therefore, the
system design should incorporate the necessary precautions to ensure data integrity is maintained
during aircraft on-board and off-board storage. Typical corruption scenarios include unsafe
partitioning of storage media or use of multiple-version dissimilar software. Built-in Windows
OS testing utilities for file comparisons include the direct operating system commands: fc, comp,
cksum, diff, shasum, and dir for byte comparisons as common data integrity checks.

In addition, the design should incorporate proper database administration procedures and
policies to ensure stored data integrity. These procedures should include the use of routine
system-wide data backups performed by the database administrator to prevent catastrophic data
loss. Many different techniques have been developed to optimize the backup procedure. These
include optimizations for dealing with open files and live data sources, as well as compression,
encryption, backup file rotation and de-duplication, among others. An incremental backup copies
everything that has changed since the last backup (full, differential or incremental). While
magnetic tape has long been the most commonly used backup media, hard disks including RAID
configurations, optical storage and geographically-distributed remote storage are also flexible
options for managing data recovery. While data backup is one of the most valuable integrity
tools, it has limitations related to cost (hardware, software, and labor), performance (particularly
for encryption, compression and indexing) and bandwidth-limited network transfers.

The database administrator should perform routine maintenance using a set of database
consistency check queries. These queries will include relational integrity checks that identify and
fix orphaned records, confirm known record counts within tables, and identify and resolve the
existence of multiple primary keys within damaged tables.

4.4.6 Data security. In addition to accidental data corruption and loss during storage, data
integrity may be compromised as a result of malicious attacks on the CBM system. Therefore,
the proper design should ensure that security measures and procedures are implemented to
prevent the willful, malicious destruction of maintenance data. These measures should include
the implementation of either or both physical security and logical security. Physical security
refers to the physical placement of the data storage system in a secure area where only authorized
administrators have access. Logical security refers to the implementation of user passwords or
other authentication for data access. User passwords offer the ability of implementing a layered
security by allowing different levels of access, including the ability to change or delete data, to
different users.

4.4.7 Data retrieval. Data corruption and loss may occur during data retrieval; therefore,
the design should incorporate the necessary precautions to ensure data integrity is maintained
during data recall from storage. Stored data may be called upon at any time during its life-cycle

4 A checksum or hash sum is a small-size datum from a block of digital data for the purpose of detecting errors which
may have been introduced during its transmission or storage.
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for processing to obtain information about the observed event. Depending on the nature of the
stored data, this could involve filtering of sampled measurements or queries of records in a
database of processed measurements. The data should be oriented and formatted in a manner that
allows access to the variety of authorized US Army maintenance and analysis systems. Measures
should be taken to ensure that data are not lost or corrupted as a product of data analysis. For
example, the data storage system may limit data usage to being performed on a copy of the
archived data while retaining the original dataset in order to guarantee integrity.

4.4.8 Data traceability. Each critical parameter must be traceable from its source to the
final usage destination. All data events to include translation, transformation, or user
manipulation should be traceable. A record that includes the description of the data, the date of
the activity, and the identification of the person executing the activity should be logged; this will
coincide with the end-to-end process.

Data traceability can provide details or a tracking mechanism from the point of origin to
the end-user. Traceability is critical in identifying whether a component meets a required
standard. Being able to trace information on a particular component can be very useful in
determining if the data are consistent and accurate.

Traceability should provide the data transmittal information from its origin until it
reaches the end-user. To ensure data integrity, traceability logs must be available with
information that supports data verification and validation.

4.4.9 Data error correction and notification. Steps should be taken to provide information
that ensures that data are traceable back to the source. Traceability information provides a record
of any actions/changes made to the data from acquisition to end user and is used to determine the
causes of data errors. If data errors occur at any point in the chain from acquisition to retrieval,
an error correction and notification process should be employed. Users should be informed if
there are suspected errors in the data and a process that corrects errors at the source of the errors
should then be exercised.

4.5 Verification and validation. This section provides the general guidance for the
verification and validation (V&V) of a CBM system, diagnostics-based maintenance credits, and
Prognostics Processes. The processes outlined are not the only methods that can be used for
V&V. This section does not address V&V best practices that would normally be utilized
throughout product and system development cycles.

4.5.1 Verification and validation processes. Verification provides testing or other
evidence that the application meets its specifications. Validation provides testing or other
evidence that the application performs as intended in the operational and maintenance
environment of the aircraft. This section of ADS-79 was prepared to outline the hardware and
software processing elements in the Continuing Airworthiness Plan, as well as user
documentation that must be identified and controlled as part of the V&V process.

CBM systems are unique in that both on-board and ground elements often make up the
entire CBM process. CBM system components should show that all of the elements contributing
to the final maintenance credit are defined and controlled.
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A typical CBM system is made up of three major processing elements: on-board DSC,
Ground station, and a maintenance management system.

CBM system elements must be carefully tracked and controlled during the design process
and documented before formal V&YV testing. The final V&V of a CBM system must be verified
and validated on a production or production representative test configuration.

4.5.2 General considerations for verification and validation. In the context of modeling
and simulation, per ASME V&V 10, verification is the process of gathering evidence to establish
that the computational implementation of the mathematical model and its associated solution are
correct. Concept of Operations models for V&V can be found in the SAND 2003-3769. End-to-
end processes used to verify and validate algorithms, software, and hardware are provided in the
Defense Acquisition Guidebook, Chapters 4 and 9. These processes should be customized per
the project management office.

4.5.3 Example verification and validation process for CBM. An example process is
shown in Figure 1 for the end-to-end V&V of a CBM system function. For the sake of simplicity
and flow of explanation, the process below has been partitioned into subsections. The sub-
processes are ordered in correspondence with Figure 1; this process can be modified by the
Project Manager and Airworthiness Authority for specific applications.
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Sub-process 1: The overall CBM
V&V process begins with the
RCM Process - identification of the CBM
candidate. The identification step

should account for the component’s

et ) > Mqulect Baseline current maintenance practice to
aintenance Plan address the failure modes and
criticalities identified in the Failure
l : Modes Effects Criticality Analysis
Flight Manual peias (FMECA). The maintenance

Identify Components for practices are outlined by RCM, the

Maintenance Credit platform maintenance, and flight

manual. The analysis of these three
FIGURE 1A. Sub-process 1. components will help collect the
baseline maintenance plan.

Sub-process 2: The next step is to determine the

methodology for credit. Mechanical Health approach, a
Identify methodology for maintenance Usage/Structural Health Monitoring (SHM) approach,
credit (health, usage, prognostics) or a Usage/SHM-based diagnostics/prognostics

approach are all acceptable methodologies. In this step,

FIGURE 1B. Sub-process 2. the algorithm is proposed and all necessary development
activities can be conducted.

Sub-process 3: The determination of the credit

methodology leads into assessing the integrity of the
Perform methodology integrity methodology. Methodology integrity assessment should
pssessment focus on the potential functional failures of the health

algorithm such as false negatives and false positives.

FIGURE 1C. Sub-process 3. The methodology integrity assessment should also
define mitigations for these functional failures.
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Establish V&V V&V Plan
Criteria Approval

Is there a
catastraphic
failure?
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Is there a risk
mitigation
plan?
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FIGURE 1D. Sub-process 4.

Sub-process 4. At this point in the process, all the preliminary items required for CBM
(on-condition) are established. Thus, this is an appropriate spot to determine whether or not to
proceed with Verification and Validation activities, based on whether or not a catastrophic
failure would occur if the CBM methodology fails to perform. The methodology integrity
assessment should define all possible functional failures of the algorithm. If the component
criticality is catastrophic and the integrity assessment does not provide mitigation for an
algorithm failure that could misdiagnose component condition, then on-condition maintenance
cannot be achieved for this component. However, if the integrity assessment has mitigation
defined for all possible functional failures of the algorithm, then one can proceed with the next
V&V steps, such as establishing the V&V criteria and getting the V&V plan approved.

The V&V criteria should describe the plan for verification and validation. It should spell
out all appropriate test cases and test plans to complete the V&V specifications for maintenance
credit for the target component. The level of verification is based on the criticality of the
component. Once the criteria are established, the V&V plan needs to be approved by the
Airworthiness Authority, who will determine whether the V&V plan meets the specifications for
maintenance credit.
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v

V&V
Documentation
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FIGURE 1E. Sub-process 5.

Sub-process 5: The next steps in the overall maintenance credit V&V process are
depicted in the flow chart above noted as sub-process 5. Approval of the V&V plan is the entry
criteria for the V&V activities. Sub-process 5 begins with the verification of the credit
methodology. Upon completion of the verification steps, determine whether the verification
criteria outlined in the plan are met. If not, then the system elements, such as the algorithm and
corresponding configuration, need to be redesigned and re-verified. If yes, move on to the next
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step in the maintenance credit process, generation of production unit. Note that at this point the
airworthiness release (AWR) has not yet been written for the credit methodology.

The next step in the process is validation of the credit methodology; note that validation
can only be conducted using the verified production unit. Similar to the verification completion
part of the process, it needs to be determined whether the validation criteria outlined in the V&V
plan are met. If not, then the system elements, such as the algorithm and corresponding
configuration, need to be redesigned, re-verified and re-validated. If the validation was
successtul, then an AWR for the methodology can be written and the unit can be officially
introduced into production. For Continued Airworthiness (CA), the credit methodology will have
to follow the maintenance credit process, starting at verification. To conclude this process, an
official document, or a series of interlinked documents, needs to be created that details the V&V
process.

4.5.4 Structural usage monitoring credit V&V process. Structural usage monitoring can
provide maintenance credits in many forms including updating design usage spectra, satisfying
structural integrity monitoring requirements, providing FLM options such as life factors for
isolated sections of the fleet with unique missions, or providing for individual component fatigue
damage assessment.

Structural usage monitoring can be accomplished using regime recognition algorithms
that quantify usage in terms of structurally significant regimes or by direct loads monitoring. The
achievable benefits or maintenance credits from structural usage monitoring are dependent on the
availability of aircraft data parameters sampled at sufficient rates and the availability and
quantity of data available across the fleet (this concept is shown notionally in Figure 2).
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FIGURE 2. Notional influence of data parameter coverage and data sampling coverage on
achievable structural usage monitoring credits.

In Figure 2, the vertical axis represents the data parameter coverage, which includes
availability of aircraft parameters used to quantify usage. For regime recognition-based structural
usage monitoring, the parameter coverage could range from a limited number such that only one
or more key fatigue drivers can be recognized to a full complement which provides
comprehensive regime recognition. It is important to note that regime recognition requires
sufficient sampling rates for the aircraft parameters (see Appendix B for details). The horizontal
axis represents the extent to which available data provides coverage over time and across the
fleet.

Under the traditional fatigue life management process, the design usage spectrum is
utilized both in the design phase of a component and for fatigue life management of the
component where a retirement time, in terms of flight hours, is established based on a calculated
fatigue damage fraction associated with the design usage spectrum. The design usage spectrum is
defined as a so-called composite worst case for the fleet in terms of variability across the fleet
and with some consideration for potential variability over the fleet lifetime (mission creep). With
the advent of structural usage monitoring, additional operating usage spectra can be defined for
fatigue life management. The maintenance credits associated with the use of operating usage
spectra are dependent on the sampling and parameter coverage. Possible examples include:

a. A more accurate fleet-wide operating usage spectrum may be used to establish flight
hour retirement lives for application across the fleet. Based on fleet sampling or comprehensive
monitoring with scheduled reviews to protect against time variability, this operating spectrum
should be less severe than the design usage spectrum.
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b. A fleet-wide operating usage spectrum may also be used in combination with an
applied life factor with a local operating usage spectrum. The local operating environment could
be more severe (such as for cases of training or deployed usage) and the use of an applied life
factor for flight time in the local operating environment would allow for a less severe usage
spectrum to be applied to the fleet in general.

¢. With comprehensive structural usage monitoring across the fleet and with a full
complement of data parameters being collected, it becomes possible to implement a fatigue life
methodology that incorporates individual component fatigue damage assessment. Individual
component fatigue damage assessment requires both the tracking of usage corresponding to the
component in-service time and the correlation and tracking of the calculated fatigue damage
fraction associated with the tracked usage.

Considerations of data parameter coverage, data sampling coverage, and the target usage
credit should be included as part of the integrity assessment, establishment of the V&V criteria,
and the V&V Plan.

For usage spectrum monitoring applications, calendar time related considerations can be
important as summarized in Figure 3. Usage is typically tracked by aircraft tail number. Usage
can vary among aircraft, among units, and among operational theaters. Usage can also vary over
time. Although usage is tracked by aircraft, the usage spectrum is applied to individually tracked
components.

Across Fleet Component Time Over Time Fleet Component
Variation in Inventory Variation Migration

Aircraft ' considerationfor | consideration for "
« Unit/Theater variation over ‘variation over components
n e Ve £ time e
» overhaul
assemblies
e Aircraft

~migration

FIGURE 3. Examples of time related considerations for usage spectrum monitoring.

32



ADS-79E-HDBK

Some of these components remain on a single airframe over their service life, while others can
migrate between aircraft within a unit or anywhere within the fleet over their service life.
Interaction of usage variability and component migration should be considered in data collection
for spectrum updating and fatigue life management approaches used for the introduction of
updated spectra and other options such as using fatigue life factors for unique fleet populations.

4.5.5 Structural usage monitoring credit verification. The entry criterion for starting usage
monitoring credit verification is that the target usage monitoring credit has been identified and
the feasibility with regards to data coverage has been assessed.

The selected usage monitoring credit could be limited to usage tracking only, or could
also include component fatigue damage assessment. Fatigue damage calculation and tracking is a
requirement for usage monitoring credits where individual components are retired based on
actual usage. Guidance on the verification requirements related to the FLM elements of the
identified credit can be found in Appendix A. Guidance on the requirements related to the regime
recognition elements of the identified credit can be found in Appendix B.

4.5.6 Structural usage monitoring credit validation. Upon successfully verifying the credit
methodology, the production unit is generated. The production unit is essential for validating the
methodology.

The entry criterion for the usage-based credit validation is that structural usage
monitoring verification is completed. The starting assumption here is that upon successful
completion of verification, the system elements will now be production software. Validation can
only be performed on production software.

Guidance on the validation requirements related to the FLM elements of the identified
credit can be found in Appendix A. Guidance on the requirements related to the regime
recognition elements of the identified credit can be found in Appendix B.

4.5.7 SHM/LME credit V&V. A SUMS may include several elements for structural
integrity evaluation and capability assessment, including SHM and LME. A qualified SUMS
methodology can provide data to modify maintenance by reducing or eliminating unnecessary
inspections, extending inspection interval or time of overhaul / removal, and extending
retirement interval. One of the key challenges to achieve maintenance credits for SUMS is
establishing a process and technical path to verify and validate the SHM/LME credit
methodology.

Several structural damage detection technologies have been developed and applied in
acrospace industry, including NDI methods and structural health monitoring sensors. While
SHM sensors are typically integrated into the structure, the damage detection sensors are
regarded as a special case of integrated NDIs. The more detailed discussion of SHM and LME
methodologies can be found in Appendix C. Due to the maturity of various structural health
monitoring technologies, our discussion in this section will focus on structural health monitoring
via damage detection.
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4.5.8 SHM credit verification. Entry criteria into SHM credit verification requires the
candidate system must be installed on the target platform and must be ready to collect data for
the credit-seeking component. Due to the complexity of SHM a comprehensive verification
process is required.

Structural damage detection capability is regarded as a key aspect of a damage tolerance
based product design and operation management approach. Requirements of detection and
thresholds vary from one component failure mode to another. The detection requirements,
metrics, and thresholds should be clearly defined at the beginning of the process. Once the
required damage detection requirements, metrics, and associated thresholds for the candidate
application are defined, the key attributes impacting desired detection capabilities are identified.
In many cases, SHM methodology is developed and further verified on the sub-
component/component which is the same as the credit seeking component. In other cases, the
developmental work is performed on similar components and the associated variation in
similarity may alter the detection capability. In either case, this step provides additional means to
ensure all the key attributes which affect the detection capability are fully addressed for the
subject credit seeking application. If additional factors are identified, Design of Experiments’
needs to be performed to set up for additional tests.

4.5.9 SHM credit validation. The entry criterion for SHM credit validation is that SHM
verification be complete. The basic assumption is that upon successful completion of
verification, the system elements, including both software and hardware, will be fully integrated
into a fielded aircraft. SHM is associated with structural components which may pose significant
structural safety hazards. Appendices A and C provide specific guidance required to avoid such
hazards.

4.5.10 Structural diagnostics/prognostics. For structural elements and components which
are critical safety items, diagnostics/prognostics involves setting appropriate component
retirement intervals and inspection intervals to maintain component reliability, as discussed in
Appendix A. Similarly, diagnostics/prognostics for damage tolerant structure (including slow
crack growth structure, fail-safe multiple load path structure, and fail-safe crack arresting
structure) is based on setting service lives and inspection intervals, as discussed in Appendix A.
In either case, these intervals depend on structural usage monitoring, LME, and integrated-NDI
based structural health processes discussed in Appendices B and C. V&V of these structural
usage monitoring and health processes discussed earlier in section 4.5 are necessary to enable
structural diagnostics/prognostics.

Structural reliability is based on the number of inspections and the associated probability -
of detection. It is noted that slow crack growth damage tolerant structure is difficult to achieve in
a rotorcraft load environment. As such, diagnostics/prognostics for US Army rotorcraft

3 See MIL-HDBK-1823
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structures are not considered to include continued flight with known damage beyond any
substantiated flaw tolerance for the component.

One method of improving structural diagnostics/prognostics would involve developing
and introducing improved integrated-NDI (or traditional NDI) capabilities. Typically, NDI
capabilities may be improved by introducing new methods, techniques, and equipment which
reduce the size of detectable damage (for example the crack length with 90% probability of
detection with 95% confidence).

A second method of improving structural diagnostics/prognostics would involve
incorporation of individual component fatigue damage assessment into fleet management. By
trending accumulated fatigue damage and seeking methods to correlate fatigue damage to
controllable aspects of aircraft usage, commanders would be able to more efficiently and
proactively manage aviation assets. Component replacement could be scheduled prior to
component life expenditure based on the observable trends. Reduction in usage scatter would
improve the prediction capability and increase the fidelity of life expenditure calculations.

A separate V&V process for structural diagnostics/prognostics is not required. Although
not an airworthiness concern, it is recommended that the general V&V process described in the
V&V section of this document be followed for any formalized infrastructure investments in
accumulated fatigue damage trending and fleet management tools which incorporate use of
individual fatigue damage assessment data to predict fatigue life expenditure.

4.5.11 Ground station verification and validation. One of the goals and desired benefits of
HUMS is to collect useful information during normal operational missions while remaining
transparent. The ground station (GS) is designed to be the database and software tool where
operational and usage data are processed, then analyzed to determine component health.

Verification guidance and specific procedures developed for verification should remain
consistent with the potential impact to the system of erroneous operation or hidden fault modes.
Systems monitoring components that have a high degree of criticality to the safe and continued
operation of the mission or aircraft should be subjected to a higher degree of verification than
systems with less impact. The degree of scrutiny applied to the verification effort should be
commensurate to the level of criticality that could be generated by an improperly operating
system. As an example, V&V efforts for ground stations incorporating SUMS should follow data
integrity guidance in 4.4 and SUMS end-to-end validation guidance in Appendix B.

4.5.12 Ground station acceptance test procedures. Whether deploying a newly-developed
system for the first time, or updating an existing system that is already in production use, some
method of determining the acceptable performance of the delivered system is necessary.
Acceptance Test Procedures (ATPs) are the recommended method of verifying system
functionality whenever an update or modification to the system is fielded.

By establishing a standard suite of functional testing that covers normal use of the
system, an ATP can be developed that can be used repeatedly with little or no modification over
time. By having a standard ATP, changes to the system (whether they are functional software
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changes, maintenance updates, or even updates to the supporting environment—such as
Operating System or Database patches, new printers or network hardware) can be easily and
quickly verified and assessed for any unanticipated impact to the operation of the HUMS ground
station and supporting software.

A process that includes execution of the standard suite of ATP tests should be included in
any plans for software updates, maintenance patches, or other system environment changes to
fielded production systems. The ATP itself should be evaluated at any change in system
functionality (new features) to ensure that the ATP continues to cover the majority of the
expected system capability over time.

5 DETAILED GUIDANCE

5.1 Application of CBM to propulsion, mechanical, and engine systems. Detailed
guidance for the CBM system is grouped by the functions to link the guidance to the overarching
International Standards Organization (ISO) and Data Acquisition (DA) architecture for CBM.
Paragraphs below briefly describe the elements of the CBM system architecture and link those
elements to specific technical considerations for US Army Aviation.

5.1.1 External systems. External system data guidance is defined by various US Army
management information systems. Any system designed to enable CBM on a US Army platform
should follow the guidance set for these systems.

5.1.2 Technical displays and technical information presentation. Technical displays and
information presentation to support CBM should be developed for compatibility with software
operating systems and DoD style guides. Software operating systems are identified by the
Logistics Information Systems (LIS) for desktop systems and include other standards for
portable maintenance aids and Interactive Electronic Technical Manuals (IETMs).

5.1.3 Data acquisition (DA). Data acquisition standards for collecting and converting
sensor input to a digital parameter are common for specific classes of sensors (examples:
vibration, temperature, and pressure sensors). The same standards extant for this purpose remain
valid for CBM application, but with a few exceptions. In many cases, data from existing sensors
on the aircraft are sufficient. Some failure modes, such as corrosion, may require new sensors or
sensing strategies to benefit CBM. In all cases, certain guidance should be emphasized:

a. Vibration: Sampling rates for sensors on operational platforms should be
commensurate for effective signal processing and de-noising. Vibration transducer placement
and mounting effects should be validated during development testing to ensure optimum
location. (See Appendix E for additional description of other guidance).

b. System-Specific: Unique guidance to sense the presence of faults in avionics and
propulsion system components are in development and will be addressed in subsequent versions
of this ADS. Similarly, the promise of technology to sense corrosion-related damage in the
airframe may mature to the point where detection with high confidence is included in the scope
of this ADS at a later date.
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Data storage and transmittal are significant design issues. On-board data storage and the
capability to transfer flight data to the ground station are determined by the capabilities of the
DSC and the ground station. Recognizing that these capabilities will change over time, it is
desirable for the DSC software to have the flexibility to change the parameters and collection
rates as the transmission and storage capabilities improve. The potential exists for large amounts
of aircraft usage data to be stored long term on board the aircraft and then downloaded, analyzed,
and stored periodically: at phased maintenance. As a result, after each flight, it may be necessary
to analyze and reduce the usage data on board the aircraft or at the ground station prior to data
transmittal. Exceptions to these limitations are possible during the initial implementation/check-
out phase of the DSC system.

The level of criticality of the HUMS information recorded should determine the
capabilities of the recorder to prevent data loss or degradation between downloads, as well as the
requirements for scheduling maintenance or repair of the HUMS components. The storage
sampling rates are also determined by the level of criticality.

Consideration should be given to the practical limitations of data capture and storage. A
balance should be found between the requirements for accurate condition sensing and the
limitations of data transfers to and storage at the National Level which is necessary in realizing a
practical implementation. In general, these requirements can be specified separately according
to: (1) on-aircraft; (2) ground station; (3) National Level data link; (4) Web site and (5) Other
user info site. On-aircraft data storage is typically limited by the size and weight constraints of
the platform operation concept as well as the bus bandwidth that services the data storage
system. Ground station data handling is limited by the available storage hardware space and the
need for reasonable operational transfer times from the aircraft to the off-board storage. Data
transfer over the National Level is limited by both satellite communication bandwidth and
reasonable search technology constraints which limit file transmittal to approximately one
megabyte of data per flight hour. National Level data transfer should be limited to transmission
of only processed CBM metrics and not raw, high-speed sampled sensor measurements. Web site
archival storage should be sized to capture all collected data including unprocessed, sampled
sensor measurements for later use in refining and developing new condition indicators. For
detailed guidance on the practical limits of data acquisition and handling with regard to Regime
Recognition and Vibration refer to the discussion and tables found in Appendices B and E.

5.1.4 Data manipulation. Data manipulation (DM), also referred to as signal processing,
should be governed by best practice throughout the data processing steps. Standardizing a
specific set of practices is ineffective as each application requires techniques best fitted to its
particular needs. Each set of resultant files, from raw data to processed data to State Detection to
Health Assessment, should be linked to each other to demonstrate a chain of custody and also to
indicate which set of algorithms were used. As CBM is a dynamic and evolutionary system, the
outcome of State Detection, Health Assessment, Prognostics Assessment, and Advisory
Generation is dependent upon the software modules used. Traceability of this software is
essential for configuration management and assurance in the result. Detailed guidance for data
integrity and data management is referenced in the Data Integrity section (4.4) of this ADS.
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5.1.5 State detection / health assessment. State Detection (SD) uses sensor data to
determine a specific condition. The state can be normal, or expected; an anomaly, or undefined
condition; or an abnormal condition. States can refer to the operation of a component, system, or
the aircraft (examples, flight attitudes and regimes). An instance of observed parameters
representing baseline or normal behavior should be maintained for comparison and detection of
anomalies and abnormalities. Sections of the observed parameter data that contain abnormal
readings which relate to the presence of faults should be retained for archive use in the
knowledge base as well as for use in calculation of CIs in near real time.

The calculation of a CI should result in a measure of aircraft status. The processes
governing CI development are:

a. Physics of Failure Analysis: Physics of failure analysis determines the actual
mechanism which creates the fault, which, if left undetected, can cause failure of the part or
subsystem. In most cases, this analysis is to determine whether material failure is in the form of
crack propagation or physical change (example: melting and embrittlement). Physics of failure
analysis determines the means to sense the presence of the fault and evolves the design decisions
which place the right sensor and data collection to detect the fault.

b. Detection Algorithm Development (DAD): The process of detection algorithm
development uses the Physics of Failure Analysis to initially select the time, frequency, or other
domain for processing the data received from the sensor. The development process uses physical
and functional models to identify possible frequency ranges for data filtering and previously
successful algorithms as a basis to begin development. Detection algorithms are completed when
there is sufficient test or operational data to validate and verify their performance. At a
minimum, automated systems underlying algorithms for flight critical applications should
provide a 90% probability in detection of incipient faults and also have no more than a 10% false
positive rate (indications of faults that are not present). Further details are found in Appendices D
and L. For non-critical applications, the probability of detection and false positive rate may vary
significantly lower than 90% POD and higher than 10% PFA depending on what additional
maintenance associated with false positives is acceptable to the maintainer and platform
manager.

c. Fault Validation: Detection algorithms should be validated to ensure that they are
capable of detecting the intended faults. One common method of algorithm validation is to
create, or what is referred to as seed, a fault in a new or overhauled component or to simply use a
known faulted component, and collect data on the faults progression to failure in controlled
testing which simulates operational use. Data collected from this test are used as source data for
the detection algorithm as described in Appendix J. Another common method of algorithm
validation is to formally inspect components removed from service though normal operations
and maintenance practices. If the component is determined to have a fault of interest that is
desired to be detected, the field data can be used as source data for the detection algorithm. In
either case, the algorithms results are compared to actual component condition through direct
measurement.

Anomaly detection should be able to identify instances where data are not within
expected values and flag those instances for further review and root cause analysis. Such
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detection may not be able to isolate a single fault condition (or failure mode) to eliminate
ambiguity between components in the system, and may form the basis for subsequent additional
data capture and testing to fully understand the source of the abnormality (also referred to as an
anomaly.). In some cases, the anomaly may be a Cl reading that responds to a maintenance error
rather than the presence of a fault. For example, misalignment of a shaft by installation error
could be sensed by an accelerometer, with a value close to a bearing or shaft fault. CBM can also
be used to control the conditions that cause the vibrations, which prevents the failures from
occurring. Because many faults are discovered through vibration analysis, guidance for
vibration-based diagnostics is found in Appendix E.

HIs should be indexed to a range of color-coded statuses such as: green (nominal — no
action required), yellow (elevated advisory — watch/prepare for maintenance), orange
(caution/remaining life limited - schedule and perform maintenance when optimal for
operations), and red (warning/increased risk - ground aircraft/maintenance required). Each fault
should contribute to the determination of the overall health of the aircraft. Status of the
equipment should be collected and correlated with time for the condition during any operational
cycle. Hs should integrate with the existing maintenance and logistics information systems. This
integration extends to Interactive Electronic Technical Manuals (IETMs) where applicable.

5.1.6 Prognostics assessment. Using the description of the current health state and the
associated failure modes, the Prognostics Assessment (PA) module determines future health
states and RUL. The estimate of RUL should use some representation of projected usage/loads as
its basis. RUL estimates should be validated during system test and evaluation, and the estimates
should show 90% or greater accuracy to the failures observed for flight critical applications. For
non-critical applications, the RUL estimate accuracy may vary significantly lower than 90%
depending on what additional maintenance and costs associated with early removals are
acceptable to the maintainer and platform manager. For US Army aviation CBM, the prognostics
assessment is not required to be part of the on-board system.

The goal of the PA module is to provide data to the Advisory Generation (AG) module
with sufficient time to enable effective response by the maintenance and logistics system.
Because RUL for a given fault condition is based on the individual fault behavior as influenced
by projected loads and operational use, there can be no single criteria for the lead time from fault
detection to reaching the RUL. In all cases, the interval between fault detection and reaching the
removal requirement threshold should be calculated in a way that provides the highest level of
confidence in the RUL estimate without creating false positive rates higher than 10% for critical
applications at the time of component removal. Again, for non-critical applications, the false
positive rate may vary significantly higher than 10% depending on what additional maintenance
and costs associated with false positives are acceptable to the maintainer and platform manager.

5.1.7 Advisory generation. The goal of the Advisory Generation (AG) is to provide
specific maintenance tasks or operational changes required to optimize the life of the equipment
and allow continued operation. Advisories generated for a CBM system should include:

a. provisions for denying operational use (not safe for flight)
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b. specific maintenance actions required to sustain system operation

The interval between download of data and health assessment is affected by operational
use and tempo or conditions noted by the flight crew. Download intervals should consider the
intended use of the CI/HI implemented by the system. If the goal of the system is to enhance
maintenance, download intervals should be set by the Platform Management Office. If the intent
of the system is to replace current maintenance practices, the download interval should be
sufficient to diagnose whether the system is operating properly, to avoid loss of data, and to
identify damage prior to failure in any case.

Defining the basis for continued operation by limiting the qualified flight envelope or
operating limitations is determined by the process of granting maintenance credits. Since these
limitations are situation dependent, analysis by Aviation Engineering Directorate (AED) staff
engineers is normally required and considered outside the scope of the CBM system to provide
through automated software.

5.2 Guidelines and alternatives for modifying maintenance on legacy aircraft. A robust
and effective CBM system can provide a basis for maintenance credits that modify legacy
maintenance practices and intervals. As part of the continuous analysis of CBM data provided by
the fielded systems and or seeded fault testing, CBM applications to scheduled maintenance
intervals for servicing and inspection can enhance current maintenance practices to increase
aircraft availability and optimize safe operations and maintenance cost. Similarly, validated
CBM data can be used to modify the Time Between Overhauls (TBO) for affected components.
Finally, validated CBM data can be used to transition away from current reactive maintenance
practices to a proactive maintenance strategy in a manner that does not adversely impact the
baseline risk associated with the aircraft’s certification. Involved in each of these approaches are
alternatives to CBM which should be considered to realize the most beneficial gain in
maintenance and airworthiness for the using service. Sections 5.3 through 5.5 discuss each of the
aforementioned CBM approaches and related alternatives to CBM. It is important to note that the
number of test specimens necessary to validate each alternative approach will vary across the
different methods. The details for determining the necessary sample size to refine a CI are
outlined in Appendix D. Guidelines to determine the appropriate Sample Size for replacing
current maintenance practices are outlined in Appendix I.

5.3 Enhancing current maintenance with CBM on legacy aircraft. Validated and non-
validated CI/HI algorithms may be utilized for data gathering and aircraft maintenance
diagnostics/ prognostics while legacy maintenance practices remain in place. Data gathering
permits time to adjust maintenance alert levels built into the algorithms (CI/HI refinement) while
not degrading any aspect of continued airworthiness associated with the legacy aircraft
maintenance. Adding sensors and associated algorithms to the aircraft legacy maintenance
practices can actually increase the reliability of the overall aircraft system provided the sensor
hardware reliability is not mission or flight critical and does not cause unscheduled maintenance
impacting aircraft readiness. Note also, the sensors and associated algorithms may be applied to
focus on specific component failure modes versus all failure modes of complex components (for
example, transmissions and engines). Since baseline risk is not degraded by the sensors,
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validated as well as non-validated algorithms may be employed to enhance current maintenance
practices and develop new diagnostic/prognostic maintenance.

Advantages to this approach are:

a. Relatively low initial cost approach that does not require a large number of sample
specimens (see Appendix D) to demonstrate algorithm reliability for each failure
mode;

b. Ability to enhance maintenance by focusing on specific failure modes versus all
failure modes of complex components;

c. Relatively short timeframe involved prior to field implementation due to the
reduction in test requirements;

d. Ability to gather data during normal aircraft operation to facilitate
verification/validation efforts.

Disadvantages to this approach are:

a. The number of false positives indications with non-validated algorithms along with
the associated maintenance increases;

b. The determination of return on investment may only be conducted after field data
are collected, the tear down analyses confirm sensor indications, and the
diagnostics/prognostics are matured.

5.4 Modifying or replacing overhaul intervals on legacy aircraft. Prior to considering
modifications to or replacing legacy aircraft maintenance, it is important to understand what
initial specification design, maintenance, and reliability requirements were placed on the legacy
platform as well as the engineering rigor utilized to verify, validate, and establish legacy
maintenance practices. Consequently, any maintenance modifications or replacement should be
validated as good as, or better than, legacy maintenance practices. For US Army aircraft
propulsion and drive systems this involves:

a. User requirements for aircraft usage;

b. Maintenance, and reliability;

c. Bearing B10 analyses and endurance testing;
d. Lubrication shelf life analyses;

e. Gear tooth bending fatigue life analyses;

f.  Gear tooth contact fatigue life analyses;

g. Thousands of hours of drive system endurance testing;
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h.  Engine component life testing/analyses;
1. Wear rate analyses to ensure component reparability; and
J. TBO/On-Condition establishment.

Therefore, any CBM system implemented to modify or replace legacy maintenance
practices should undergo similar analytical and testing rigor. In the case of vibration monitoring,
CBM algorithms implemented to accurately depict actual hardware condition and replace current
maintenance practices should be required to be validated. CBM algorithm validation will require
both faulted and unfaulted components. The statistically significant sample size (see Appendix I)
for faulted and unfaulted components should take into account the required confidence and
reliability guidelines within this document.

In addition to understanding legacy requirements to verify and validate legacy
maintenance practices, it is important to note that TBO interval extensions are generally limited
by the repair limits and calculated fatigue lives of components within a system under
consideration for maintenance modification. An exception to the fatigue life limit is to employ
CBM monitoring if the fatigue failure mode is detectable utilizing a validated detection system
and will not result in the failure mode progressing or manifesting into a failed state within 2 data
download intervals of the monitoring system. Results of teardowns should be involved in
validating the measured detection value to ensure that it is representative of the actual hardware
condition. An example would be Hertzian Contact Fatigue for bearings. Hertzian Contact Fatigue
generally results in spalling, which is usually easily detected (through chip detection or vibration
monitoring) and usually associated with significant operational capability remaining from the
onset of spalling. Again, component sample sizes for validating CBM algorithms to detect
faulted and unfaulted bearings should take into account the required confidence and reliability
guidelines within this document when the components are flight critical.

An alternative to TBO extensions employing CBM monitors and algorithms is to extend
TBOs based on actual hardware condition from the field. TBO extension may be achieved by
using a minimum of 5 detailed teardown inspections of components that reached the original
TBO in the field. The criticality of the component and all associated failure modes should also be
taken into account. These factors will also impact the required number of satisfactory teardowns
and associated TBO interval extensions. Based on the US Army’s past experience, teardown
inspections on actual field hardware, involving dimensional analysis and comparison to
production and depot repair limits, ensures confidence in capturing the inherent variability that
may occur with actual field usage. If the parts are determined to still be within acceptable
dimensional limits (for operation and repair), a corresponding wear rate may be analyzed and a
basis for a new TBO limit established with final approval of the airworthiness activity.
Therefore, it is possible to obtain TBO extensions on unmonitored aircraft based on field
experience. US Army historical TBO extensions have been between 200 and 500 hours
depending on the analytical results.
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The advantages to this alternative to CBM are:

a. There are no additional material costs incurred to purchase components for
sampling; only the costs to perform the evaluation are required since teardowns
must already be conducted on fielded TBO components at the depot;

b. Part reparability with a TBO extension is relatively easy to quantify based on the
current depot information.

The disadvantages to this alternative are the time incurred to obtain components from the
field that are at, or near, the TBO interval and the relatively small return on investment with the
incremental maintenance benefit.

5.5 Transitioning to on-condition maintenance for legacy aircraft. Prior to transition to
On-Condition for legacy aircraft components/assemblies, incremental TBO extensions discussed
in 5.4 should be pursued to ensure that wear rates and failure modes associated with on-condition -
status are fully captured and understood. Guidelines for obtaining on-condition status for
components on monitored systems having performed data acquisition via field faults / seeded
fault tests are outlined in paragraphs 5.5.1 and 5.5.2, respectively. Achieving on-condition status
via field faults could take several years. Incremental TBO extensions on monitored aircraft will
be instrumental in increasing the chances of observing and detecting naturally occurring faults in
the field; this also holds true for seeded fault selected components which have not completed all
seeded fault tests required to ensure each credible, critical failure mode can be detected. Credible
critical failure modes are obtained through Failure Modes Effects Criticality Analysis (FMECA)
and actual field data. Damage limits should be defined for specific components to classify
specific hardware condition to CI/HI limits through the use of Reliability Improvement through
Failure Identification and Reporting (RIMFIRE), Tear Down Analysis (TDA), 2410 forms, and
other available data sources. Implementation plans should be developed for each component
clearly identifying goals, test requirements and schedule, initial CI/HI limits, and all work that is
planned to show how the confidence and reliability levels will be achieved.

The advantages of the on-condition transition approach include:

a. Providing the highest reliability (probability of detection and true negatives) since
monitoring hardware and software are tested to capture all credible failure modes
of a component;

b. Providing the fewest false positives/negatives as a result of the validated reliability
and confidence levels in the on-condition design.

The disadvantages of the on-condition transition approach involve:

a. relatively higher (if not highest) costs and lengthiest schedule required to test the
sample sizes necessary for validation limitations of current condition monitoring
designs which may not be capable of, or optimal for, capturing the onset of
component failure modes for legacy aircraft;
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b. The potential limited application for components with life limited parts not
tracked via regime recognition monitoring.

5.5.1 Seeded fault testing. Seeded fault testing may dramatically reduce the timeline for
achieving on-condition maintenance status because it requires less time to seed and test a faulted
component than to wait for a naturally occurring fault in the field. Test plans should be
developed, identifying each of the credible, critical failure modes and corresponding seeded fault
tests required to reliably show that each credible, critical failure mode can be detected. The
seeded fault test plan should include requirements for ensuring the test is representative of the
aircraft. Also, on aircraft ground testing may be required to confirm the detectability of seeded
faults provided there is sufficient time between detection and component failure to maintain an
acceptable level of risk to the aircraft and personnel (see Appendix J, guidance on Seeded Fault
Testing). To be eligible for on-condition status using seeded fault testing for critical components,
a statistically significant sample size for faulted and unfaulted components should take into
account the required confidence (in accordance with ANSI/ISO/ASQ-3534-1General Terms and
Probability Practices) and reliability guidelines within this document (see Appendix I). TDAs
will be ongoing for components exceeding initially established CI/HI limits. Once the capability
of the monitoring system has been validated (based on successful test results from the sample
specimens for each credible, critical failure mode) increased TBO intervals may be modified to
on-condition status and approved for use by the Airworthiness Authority.

5.5.2 Field fault analysis. Incremental TBO extensions will play a bigger role utilizing
this approach based on the assumption that fault data will take much longer to obtain if no
seeded fault testing is performed. To be eligible for on-condition status using field fault analysis,
a statistically significant sample size (see Appendix I) for faulted and unfaulted components
should take into account the required confidence and reliability guidelines within this document
for flight critical components. TDAs will be ongoing for components exceeding initially
established CI/HI limits. Once the capability of the monitoring system has been validated by
successful test results from the sample specimens for each credible, critical failure mode,
increased TBO intervals may be modified to on-condition status and approved for use by the
Airworthiness Authority.

5.5.3 Alternatives to transitioning to on-condition for legacy aircraft. During the
Reliability-Centered Maintenance analysis for justifying pursuit of an on-condition CBM
approach, it may become evident that other alternatives to the on-condition transition approach
are more feasible and should be considered. Two of these alternatives are discussed, herein.

One alternative is component redesign and requalification using current on-condition
designs that could be built into the component. For example, an unmonitored, grease filled gear
box, that is time limited in the field by the life of the grease, may benefit from a redesign using
an oil filled gear box and incorporating a chip detector. Sometimes a simple redesign of a seal
may be all that is needed to increase time on wing for a gearbox versus implementing an on-
condition maintenance approach.
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Advantages of a redesign and requalification alternative include ability to:

a. Design a specific form of monitoring tailored to capture all failure modes versus a
limited number of failure modes (for example, chip detector versus vibration
monitor on a complex gearbox);

b. Sustaining fewer false positives (less maintenance) and false negatives (fewer
safety issues) with the on-condition redesign;

¢. Realize cost and schedule synergies in testing the performance of the component
and monitoring device concurrently during requalification.

Disadvantages of a redesign and requalification using on-condition designs are associated
with relatively higher costs than pursuing TBO enhancements and TBO extensions as well as
relatively longer schedule than TBO enhancements.

A second alternative is to take no additional action. Not taking additional action may be
the most logical alternative if a TBO is not being attained on components in the field due to
reasons not appropriate for CBM resolution. No additional investment cost or schedule is needed
to maintain the status quo; however, the status quo may be unacceptable to current readiness
rates. Disadvantages to taking no action include inability to realize any operations and
sustainment savings or provide proactive maintenance.

5.5.4 Statistical considerations. There is interest in the likelihood that the monitoring
system will detect a significant difference in signal when such a difference exists. To validate the
target detection and confidence levels (target detection = 90%, target confidence = 90 to 95%
requirement), a statistically significant sample size (see Appendix I) for faulted and unfaulted
components should take into account the required confidence and reliability guidelines within
this document for flight critical components.

Since a probabilistic approach is a recommended method that can be utilized to validate
CBM algorithms using confidence and reliability factors, it is important to maintain a high level
of quality in the probabilistic design. It should be noted the only way to successfully attack a
probabilistic design or analysis is to undermine confidence in its quality. For information
addressing legal implications when employing a probabilistic approach, reference SAE AIR5113
for a compilation of experience and past precedent.

If at least one of the detections in the sample size is a false positive, then evaluate to
determine the root cause of the false positive. Corrective actions may involve anything from a
slight adjustment of the CI limit to a major change in the detection algorithm. Once corrective
action is taken and prior to any further increase in TBO, additional inspections/TDAs is
necessary to complete validation of the CIs/Hls. k

A false negative occurrence for a critical component will impact safety, and should be
assessed to determine the impact on future TBO extensions or On-Condition status. Each false
negative event will require a detailed investigation to determine the root cause. Once corrective
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action is taken and prior to any further increase in TBO, additional inspections/TDAs of possible
positive detections is necessary to continue validation of the Cls/HIs.

Components used for TDA and validation may be acquired through either seeded fault
testing or through naturally occurring field faults.

5.6 Application of CBM technologies via SUMS. Structural applications of CBM
technologies via SUMS are a means of applying CBM systems to modify structural safety of
flight retirement intervals, inspection intervals, and inspection techniques. The key SUMS
related CBM technologies are regime recognition, structural load monitoring and estimation, and
structural health monitoring.

3.6.1 Structural usage monitoring via regime recognition. CBM regime recognition may
be used for fatigue life management as input either to refine the usage spectrum or to enable
individual component fatigue damage assessments. Figure 4 and Table I describe the processes
and data necessary for regime recognition with usage spectrum update. Figure 4 includes a
central path with data processing algorithms, a right hand side that analyzes the data and creates
the updated usage spectrum, and a unit level data storage path on the left hand side that provides
data resources for maintenance engineering support to substantiation continued airworthiness for
any (unique and single-instance) deviations from prescribed maintenance procedures. Because
all items in the fleet of the same part number are affected by a usage spectrum update, this is
often referred to as a part number methodology; this handbook and its appendices will employ
terms such as refined usage spectrum and usage spectrum updates when referencing this method.
Similarly, Figure 5 and Table II describe the processes and data necessary for regime recognition
with individual component (tracked item) fatigue damage assessments. F igure 5 is similar to
Figure 4 but adds the component life expenditure calculator to determine per-flight damage
fractions and includes a path to the logbook for fatigue life tracking. Because individual
component fatigue damage assessments are performed individually for each serial number item
based on its unique usage history, this is often referred to as a serial number methodology; this
handbook and its appendices will employ the term individual component fatigue damage
assessments when referencing this method. Additional guidance related to fatigue life
management is provided in Appendix A, including discussion of developing refined usage
spectrums and individual component fatigue damage assessments. Appendix B provides
guidance related to development and validation of SUMS regime recognition capabilities.

5.6.2 Structural load monitoring and estimation. Structural load monitoring and
estimation may also be used to enable individual component fatigue damage assessments. The
processes and data necessary for loads monitoring and estimation are described in Figure 6 and
Table II1. Figure 6 is similar to Figure 5 but modifies content to substitute loads monitoring and
estimation processes in place of regime recognition processes. For example, the digital source
collector in Figure 6 collects both bus data and loads data, and the regime recognition algorithm
is replaced with a measured load pre-processor and a load estimation model. It should be noted
that loads monitoring and estimation would also enable definition of a set of load spectrums to
replace the usage spectrum for potential application during periods of SUMS inoperability or for
design of future aircraft. Additional guidance related to individual component fatigue damage
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assessments and structural loads monitoring and estimation is provided in Appendices A and C,
respectively.

5 6.3 Structural health monitoring. CBM systems enable incorporation of structural
health monitoring technologies to aid inspection of damage-tolerant structures. Additional
guidance related to structural health monitoring is provided in Appendix C.
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Digital Source Collector (DSC)
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IGURE 4. Regime recognition processes with usage spectrum update.

48



ADS-79E-HDBK

TABLE I. Data streams used in regime recognition processes with usage spectrum update.

DATA STREAMS USED IN REGIME RECOGNITION PROCESSES WITH USAGE
Number Types of Data Purpose Category
1 Bus Data Stored by DSC to Enable Regime Recognition Inherent
Stored at Local Unit (by Battalion Aviation
: Maintenance Officer (BAMO), Logistics Assistance i :
2 R
AW BHrRmedIeDate Representative (LAR), Logistics Engineer (LE)) for UnjzDiseretion
Unit Purposes
3 Raw Parametric Data Processed by Regime Recognition Algorithm Inherent
Troubleshooting I?egwnE Recognition Algorithm Conditional
: for Unidentified Intervals
4 Raw Parametric Data I
Statistica
Auditi : i e
uditing Regime Recognition Algorithm sampling

Regime Data

Stored at Local Unit (by BAMO, LAR, LE) for Unit
Purposes

Unit Discretion

Regime Data

Usage Monitoring and Storage for Potential
Usage Spectrum Updates

Required

Substantiating Data

Request One Time Life Extension or Repair

Unit Discretion

Substantiating Data

Usage Spectrum Monitoring

Periodic

Usage Spectrum Updates

Conditional
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Component Life 1 i Data Validity Checks
Expenditure & Usage Monitoring
Calculator

Request One Time ;
Life Extension or : : Update Usage
i Repair : : ' Ciads ; : Spectrum

" 5. Regime recgnition processes with individual omponent (ra‘ce item)
fatigue damage assessment.
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TABLE II. Data streams used in regime recognition processes with individual component
fatigue damage assessment.

DATA STREAMS USED IN REGIME RECOGNITION PROCESSES WITH INDIVIDUAL COMPONENT FATIGUE DAMAGE

ASSESSMENT
Number Types of Data Purpose Category
1 Bus Data Stored by DSC to Enable Regime Recognition Inherent
2 Hooy Parara e s Stored at Local Unit (by BAMO, LAR, LE) for Unit S DTectation
Purposes
3 Raw Parametric Data Processed by Regime Recognition Algorithm Inherent
T : 3 £ ith
roubleshooting F.{eglm'e' Recognition Algorithm Conditional
4 Raw Parametric Data for Unidentified Intervals
Auditing Regime Recognition Algorithms Statistical Sampling
Regliins Data Stored at Local Unit (by BAMO, LAR, LE) for Unit Unit Discretion
Purposes
; Usage Monitoring and Storage for Potential ;
R Dat . Re d
. d Usage Spectrum Updates HHBE
Substantiating Data Request One Time Life Extension or Repair Unit Discretion
Usage Spectrum Monitoring Periodic
Substantiating Data
Usage Spectrum Updates Conditional
P Life E i
rocessed by Component Life Expenditure fihes ot

Regime Data

Calculator

Damage Fraction/Life Data

Stored at Local Unit (by BAMO, LAR, LE) for Unit
Purposes

Unit Discretion

Damage Fraction/Life Data

Auditing Component Life Expenditure Calculator

Statistical Sampling

Damage Fraction/Life Data

Tracked in Logbook

Inherent
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Digital Source Collector (DSC) &
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3 Measured Load : : :
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(BAMO, LAR, or LE) Model v OEM/Army

Reiibll Data Validity Checks
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Request One Time : o ; : 7 ‘
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Repair : i . | Update Loads Spectra

- | Logbook |

FIGURE 6. Loads monitoring and estimation processes.
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TABLE III. Data streams used in load monitoring and estimation processes.

DATA STREAMS USED IN LOAD MONITORING AND ESTIMATION PROCESSES
Number Types of Data Category
1 Riscraft Coviree Data Stored by DSC to Enable Loads Monitoring and inherenit
2 Raw Bus and Loads Data Stored at Local Unit (by BAMO, LAR, LE) for Unit Unit Discretion
3 R Bis iidl LoadsiDats Processed by Measur.ed Lc.)ad Post-Processor and Inherent
Load Estimation Model
Troubleshooting Load Monitoring and Estimation Conditional
4 Raw Bus and Loads Data Auditing Load Monitoring Post-Processor and Sgatistical Samolin
Load Estimation Model piing
Unit Discretion

Processed Loads Data

Stored at Local Unit (by BAMO, LAR, LE) for Unit

Processed Loads Data

Loads Monitoring and Storage for Potential Loads
Spectra Updates

Required

Unit Discretion

Substantiating Data Request One Time Life Extension or Repair
Loads Spectra Monitoring Periodic
Substantiating Data
Loads Spectra Updates Conditional
P C t Life E di
rocessed by Component Life Expenditure Inherent

Processed Loads Data

Damage Fraction/Life Data

Stored at Local Unit (by BAMO, LAR, LE) for Unit

Unit Discretion

Damage Fraction/Life Data

Auditing Component Life Expenditure Calculator

Statistical Sampling

Damage Fraction/Life Data

Inherent

Tracked in Logbook
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5.7 CBM management plan. ADS-79 provides guidance in the design of a CBM system;
it is beyond the scope of this document to provide detailed guidance in the implementation of
any particular CBM design. An individual CBM Management Plan, or a supplement to an
existing systems engineering plan should be developed for each implemented CBM system. Each
plan should detail how the specific design meets the guidance of this ADS. The Management
Plan should provide the following:

a. Describe how the design addresses the guidance of this ADS by citing specific
references to the appropriate sections of this document and its appendices.

b. Describe in detail how the CBM system functions and meets the Project Management
Developed specification requirements for end-to-end integrity.

c. Specifically describe CBM objectives (such as: on-condition status, extended
operating time between maintenance, overhaul / inspection).

d. Describe the CBM system V&V processes to achieve the desired CBM status.

e. Define the plan for changing aircraft documentation (such as aircraft tech manuals)
to achieve CBM objectives.

The CBM Management Plan (see DI-MGMT-81915 as a guide) may be developed either
by the US Army or by the CBM system vendor/system integrator, subject to approval by the US
Army. The Management Plan should be specified as a contract deliverable to the Government in
the event that it is developed by the CBM system vendor or end-to-end system integrator.

6. NOTES

6.1 Intended use. This handbook describes the US Army Condition Based Maintenance
(CBM) technical guidance necessary to achieve CBM goals for US Army aircraft systems.

6.2 Superseding information.

6.3 Subject term (key word) listing.

Condition Based Maintenance
Structural Usage Monitoring
Digital Source Collector

Health Usage Monitoring System
Load Monitoring and Estimation
Army Aviation

Maintenance Credits
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6.4 Changes from previous issue. Marginal notations are not used in this revision to
identify changes with respect to the previous issue due to the extent of the changes.

6.5 Additional terms and definitions. The following terms and definitions may not be
used within this document, but are found to be helpful in understanding CBM as well as some
referenced documents.

Engine Mission Profile. A time-based description of engine operating conditions
experienced in the course of a nominal mission

Off-line Testing. Also referred to as Off Aircraft Testing. Tests performed off the aircraft.
Testing may occur at the flight line or in a laboratory.

Power Assurance Analysis. A predictive analysis to determine whether an engine will be
able to provide the required power within in its operating limits based on current engine
performance data. ‘

6.6 Condition based maintenance probability parameter definitions. The following
notations are provided for reference. Notations may or may not be used within the body of this
document or the associated appendices, but are helpful in understanding CBM associated
formulas and metrics.

Complementary Probability: The probability of an event that can be expressed as a
binomial probability if the event's outcomes can be broken down into two probabilities of events
A and B. When A4 and B are complementary, the sum of their probabilities of occurrence is one
(for example, 4 + B=1).

+ : CBM system provides an alarm indicating an unhealthy component and maintenance
is required.

- : CBM system does not provide an alarm, indicating a healthy component and no
maintenance is required or is optional.

F: Unhealthy component and maintenance is required.
H: Healthy component and maintenance is not required or is optional.

PF: Proportion of population that are unhealthy components = 1-PH. PF is
complementary to PH. Therefore, PF + PH =1 and PF = 1-PH.

P(F): Probability of an unhealthy component.

P(+): Probability that a Health and Usage Monitoring System (HUMS) indicates an
alarm = [P(HF)*P(F)] + [P(+H)*P(H)] = [(PF)(PODF)] + [(PH)(PFP)]. P(+) is complementary
to P(-). Therefore, P(+) + P(-) = 1.

P(-): Probability that a HUMS does not provide an alarm = [P(-|F)*P(F)] + [P(-|H)*P(H)]
= [(PF)(PFN)] + [(PH)(PODH)]. P(+) is complementary to P(-). Therefore, P(+) + P(-) = 1.
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PFA or POFA: Probability of a false alarm, also known as probability of false positive
(PFP).

PFN: Probability of a false negative.
PFP: Probability of a false positive also known as probability of false alarm (PFA).

PH: Proportion of population that are healthy components = 1-PF. PH is complementary
to PF. Therefore, PH + PF = | and PH = 1-PF.

P(H): Probability of a healthy component.
POD: Probability of detection (also known as detection reliability of a CBM system).

P(A|B): If A and B are events, then P(A|B) is the probability of event A occurring given
that event B has occurred.

P(F[+): Probability of having an unhealthy component given the system provides an
P(+|F)«p(F) - (PF)(PODF)

alarm = P(F|+) = P(+|F)«p(R)+p(+|H)xP(H) ~ (PF)(PODF)+(PH)(PFP)

P(F|-): Probability of having an unhealthy component given the system does not provide
an alarm =

pCF|=) = P(~IF) « P(F)
" P(=|F)« P(F)+ P(—|H) x P(H)
(PF)(PFN)

- (PFY(PFN)/(PF)(PFN) + (PH)(PODH)
P(H[+): Probability of having a healthy component given the system indicates an alarm

(PH)(PFP)

= PUHIH) = (PH)(PFP) + (PF)(PODF)

P(H[-): Probability of having a healthy component given the system indicates a healthy
component

B (PH)(PODH)
~ (PH)(PODH) + (PF)(PFN)

P(+[F): Probability of a system indicating an alarm given there is an unhealthy
component requiring maintenance. P(+F) is also called Probability of Detection (POD) or
Probability of Detecting a Fault (PODF) which is specified in this document to equal or exceed
90% or 0.9 for critical components. POD is complementary to Probability of False Negative
(PFN). Therefore, POD + PFN = | and PODF = | — PFN,

P(-[F): Probability of a system not indicating an alarm given there is an unhealthy
component requiring maintenance. P(-[F) is also called Probability of False Negative (PFN) and
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is complementary to the Probability of Detection (POD). Therefore, PFN = 1-PODF and 1-POD.
If POD is specified as 90% or greater, then PFN is less than or equal to 10% or 0.1.

P(+{H): Probability of a system indicating an alarm for a healthy component = 1-PODH.
P(+/H) is also called Probability of False Positive (PFP) which is specified in this document to
be equal to or less than 10% or 0.1 for critical components. PFP is complementary to Probability
of True Negative (PODH). Therefore, PFP + PODH = | and PFP = | - PODH. Also, PFP =
Significance level = (1 — Confidence).

P(-|H): Probability of a system not indicating an alarm for a healthy component. P(-|H) is
also called Probability of True Negative or Probability of Detecting Healthy components
(PODH) which is specified in this document to be equal or greater than 90% or 0.9 for critical
components. PODH is complementary to Probability of False Positive (PFP). Therefore, PODH
+ PFP =1 and PODH = 1 — PFP.

6.7 Content summaries for document and appendices. This section provides a summary
from the main document and all subsequent appendices.

6.7.1 Document body. This document, an Aeronautical Design Standard (ADS)
Handbook (HDBK), provides guidance and defines standard practices for the design, assessment,
and testing for all elements of a Condition Based Maintenance (CBM) system including:
analytical methods, sensors, data acquisition (DA) hardware, and signal processing software.
ADS-79 includes guidance regarding data management standards necessary to support CBM as
the maintenance approach to manage and maintain systems, subsystems, and components of US
Army aircraft. Processes within ADS-79 include defining CBM methodologies and benefits
such as, modified inspection and removal criteria of components based on measured condition
and actual usage enabled as a result of CBM implementation. ADS-79 is organized with its main
body providing general guidance, and appendices governing more detailed guidance resulting
from application of technical processes.

There are four objectives in the implementation of CBM:

a. Reduce burdensome maintenance tasks currently required to assure continued
airworthiness

b. Increase aircraft availability
c. Improve flight safety
d. Reduce sustainment costs

Any changes to maintenance practices identified to meet CBM objectives shall be
technically reviewed to ensure there is no adverse impact to baseline risk. This document
provides specific technical guidance for CBM to ensure the resulting CBM system is effective
and poses no greater risk than the original baseline design.
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The functional guidance for a CBM system is intended to include:
a. Engine monitoring
b. Dynamic system component monitoring
¢. Structural monitoring
d. Exceedance recording
€. Usage monitoring
f. Electronic logbook interface
g. Electronics
These functional capabilities are intended to implement CBM on all US Army aircraft systems.

6.7.2 Appendix A: Fatigue life management. The purpose of this appendix is to define the
criteria for acceptance of maintenance credits for incorporation of CBM into Army aircraft
systems from a Fatigue Life Management (FLM) point of view. This appendix also documents
potential applications of FLM.

6.7.3 Appendix B: Regime recognition/flight state classification with validation of regime
recognition algorithms. This appendix provides guidance and standards for the development and
validation of methods to identify aircraft flight regimes and assign component fatigue damage
consumption as part of a Condition-Based Maintenance (CBM) system for updating usage
spectra and for acquiring individual component fatigue damage assessment maintenance credits
for on-board components.

6.7.4 Appendix C: Structural health and loads monitoring. This appendix provides
guidance for incorporation of Structural Health Monitoring (SHM) and Loads Monitoring and
Estimation (LME) systems into an aircraft systems Condition-Based Maintenance (CBM)
Management Plan. Structural Health Monitoring is a fleet management concept that allows
evaluation of the structural health of an aircraft throughout its life cycle based on measured data.
The purpose of evaluating structural health is to ensure continued structural integrity. Future
performance predictions are based on comparing the current state of the structure with initial and
degraded system states. The initial state is the as-manufactured system where structural
capability is substantiated by analyses and tests. The reference degraded state corresponds to the
minimum structural capability required for the aircraft to perform its intended function. To assist
the maintainer’s assessment of continued structural integrity, sensors are utilized to monitor
structural degradation due to the service environment experienced by the aircraft, inherent
material degradation, and component wear-out. Typical monitoring includes strains/loads and for
the presence of structural damage. Detailed guidance included in this appendix addresses the
Structural Health Monitoring system, integrated Non-Destructive Inspection (NDI) methods,
load monitoring, load estimation, and limitations on use of vibration measurements.

6.7.5 Appendix D: Minimal guidance for determining condition indicators and health
indicators for propulsion systems. This Appendix provides guidance for the development and
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testing of all Condition Indicators (Cls) and Health Indicators (HIs) used in the CBM system for
propulsion systems. This appendix may have applications beyond propulsion systems,
specifically with reference to the developing Data Science in Aviation. Data Science includes
analytical methods, signal processing software, and data management standards necessary to
support their use to implement CBM as the maintenance approach to sustain and maintain
systems, subsystems, and components of US Army aircraft systems.

6.7.6 Appendix E: Vibration based diagnostics. This appendix addresses Vibration-Based
Diagnostics. It covers the use of sensors, acquisition systems, and signal processing algorithms to
detect, identify, and characterize faults in aircraft mechanical systems. The process involves
extracting features from the vibratory data and comparing the feature characteristics to a baseline
set of limits (or thresholds) which indicate the severity of a potential fault. The diagnostic
algorithms should also indicate a recommended maintenance action.

6.7.8 Appendix F: Rotor track and balance. The purpose of this appendix is to provide
methodology and guidance for the use of on-board information from the DSC to aid in the
application of rotor smoothing processes. The primary purpose of rotor smoothing is to reduce
crew fatigue and wear and tear on the airframe and subcomponents. The vibration of interest is
the rotor once per revolution (1P) vibration, which is caused by dissimilarities in the rotor blades
such as subtle differences in airfoil contour, span moment, blade twist, stiffness distribution, and
chord balance. Aircraft are equipped with pitch change links, trim tabs, blade wedges, balance
weights, and blade sweep devices to reduce these 1P vibrations.

6.7.9 Appendix G: Turboshaft engine and auxiliary power unit (APU) condition based
maintenance (CBM). The purpose of this appendix is to provide methodology and guidance to
transition US Army maintenance of gas turboshaft engines and auxiliary power units to
condition-based maintenance. This appendix covers the use of sensors, engine usage monitoring,
diagnostic and prognostic algorithms, performance trending, power assurance checks, oil and
fuel monitoring, and methodology verification and validation. Further, it recommends the
minimum technical requirements for a turboshaft engine health monitoring system for condition-
based maintenance. Condition-based health monitoring on turbofan, turbo prop, rotary, diesel,
electric, and other type aircraft engines are not specifically addressed in this appendix but may be
added at a later date depending on the need.

6.7.10 Appendix H: Embedded diagnostics/prognostics and health management (PHM)
of electronic components. This appendix addresses Embedded Diagnostics/Prognostics and
Health Management for Electronics including:

Methodology and Implementation of Diagnostic of Electronics Components. It covers the
use of Built-in Test (BIT)/Built-in Test Equipment (BITE), sensors, acquisition systems, Portable
Maintenance Aids, Automatic Test Equipment, and signal processing algorithms to detect,
identify, and characterize faults in aircraft electronics systems including CBM electrical and
electronic sensor systems.

6.7.11 Appendix I; Sample sizes for maintenance credits using vibratory CBM on
propulsion systems. This appendix provides guidance for methodologies, applications, and
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considerations of sample sizes and statistical processes in verifying and validating vibratory
CBM algorithms prior to approval of US Army on-condition maintenance as a replacement to
legacy TBO maintenance. Examples are provided to facilitate an understanding to the guidance.

6.7.12 Appendix J: Seeded fault testing. This appendix provides guidance for the
development and performance of component Seeded Fault Testing programs for the purposes of
validating the accuracy and robustness of condition indicators (Cls) and health indicators (HIs)
used as part of a condition-based maintenance (CBM) system.

6.7.13 Appendix M: Qil quality, condition, and debris monitoring. The purpose of this
appendix is to provide methodology and guidance to implement oil quality, debris and oil
condition capabilities for the detection, identification, and characterization of faults in oil-wetted
aircraft components where oil monitoring is deemed an appropriate risk mitigation strategy. This
appendix covers the use of oil sampling, on-line oil debris sensors and at-line test equipment for
oil condition and debris monitoring. Component usage monitoring, limits and trending,
diagnostics and prognostic algorithms, and methodology V&V are also included. Furthermore it
recommends the minimum technical requirements for utilizing oil debris and condition systems
for condition-based maintenance. Condition-based health monitoring on greased and hydraulic
components are not specifically addressed in this appendix but may be added at a later date.

6.8 CBM process checklist. As part of the process of making changes to the on or off-
board CBM system, a rigorous process should be put in place to make sure each hardware and
software system is tested prior to fielding. Figure 7 shows an example of how such a checklist
might be created and followed. This checklist could flow down several levels to make sure that
critical sub-tasks are properly tested as well.
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CBM SYSTEM CHECKLIST (End-to-End Process)
CBM System Level Baseline :

Specn‘" ic aircraft Model with a defined certification basis

Maintenance Manual

Airborne Data Acquisition and Monitoring System (DSC)

Ground Station

Operator $ Malntenance Management System

On-Board Sensor and Flight Data Elements

Data source mtegnty (System of origination, qualification level, accuracy; resolutlon vahd:ty
checks)

Sensor integrity in aerospace environment (Performance Specification and Qualification as well
as Calibration)

Verification and Validation of these elements are the same as any other hardware that is added
to the aircraft, require no unique V&YV process, and should follow standard V&V processes that
similar elements follow.

CBM Documentation Elements

Maintenance Credit Hazard Analysis

CBM User Manual

CBM Flight Manual Supplement

CBM Maintenance Manual Supplement

CBM Continuing Airworthiness Plan

Verification and Vahdahon require no unigue processes for this element

DSC/HUMS

Ci algonthms (Reference Append|x D for Guidance)

Detection SNR/Resolution/Accuracy

Maintenance Limit (yellow)

Functional or Airworthiness Limit (red)

Application Software

Operating System Software

Data Acquisition Configuration Files: aircraft physical configuration, sensor configuration,
engineering units, data acquisition schedule, data acquisition conditions, and applied analyses

Airborne Processing Hardware — qualified for environment

HUMS systems DSC

V&V Processes »
‘ Ground Station Elements

PC Hardware Configuration

Operating System Software

Database Software

CBM Application Software

Graphic User Interfaces

Data review and collection procedures

Backup and archival procedures

Maintenance Management System Interface

Software Documentation: description document, requirements specification, test plan, and
acceptance test procedure

Operations Maintenance Manual

For further detail, refer to ULLS-A(E) documentation, as it is a separate program of record.

FIGURE 7. CBM system checklist.
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APPENDIX A

FATIGUE LIFE MANAGEMENT

A.1  SCOPE

A.1.1 Scope. The purpose of this appendix is to define the criteria for acceptance of
maintenance credits for incorporation of CBM into Army aircraft systems from a Fatigue Life
Management (FLM) point of view. This appendix also documents potential applications of FLM.

A2  APPLICABLE DOCUMENTS

A.2.1 General. The documents listed below are not necessarily all of the documents
referenced herein, but are those helpful in understanding the information provided by this
handbook.

A.2.2 Government documents. The following specifications, standards, and handbooks
form a part of this document to the extent specified herein.

A.2.2.1 Specifications, standards, and handbooks. The following specifications,
standards, and handbooks form a part of this document to the extent specified herein.

A.2.2.2 Other Government documents, drawings, and publications. The following other
Government documents, drawings, and publication form a part of this document to the extent
specified herein.

JOINT SERVICE SPECIFICATION GUIDE

JSSG-2001 = Department of Defense Joint Service
Specification Guide, Air Vehicle
JSSG-2006 = Department of Defense Joint Service

Specification Guide, Aircraft Structure

(Copies of these documents are available from http:/quicksearch.dla.mil DLA Document
Services, Building 4/D, 700 Robbins Avenue, Philadelphia, PA 19111-5094. 21 5-697-6396.)

A.2.3 Non-Government publications. The following documents form a part of this
document to the extent specified herein.

REFERENCES

Adams, D.O.andJ. - Searching for the Usage Monitor Reliability Factor

Zhao Using an Advanced Fatigue Reliability Assessment
Model, presented at the American Helicopter Society
65th Annual Forum, Grapevine, Texas, May 27-29,
2009

Barndt, Gene and - Development Efforts and Requirements for

Kelly McCool Implementation of Navy Structural Usage

Monitoring, American Helicopter Society 58" Annual
Forum Proceedings, Montreal, Canada, June 11-13,
2002
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Benton ,Robert E., Assessing Sustained Fatigue Damage in
Jr., Jeremiah S. Traditionally-Benign Steady-State Helicopter Flight
Hardman, and Jung- Conditions, American Helicopter Society 68" Annual
Hua Chang Forum Proceedings, Fort Worth, TX, May 1-3, 2012
Benton, Robert E, Jr. - Further Advances in a Recently Developed

Cumulative-Damage Reliability Method, American
Helicopter Society 66" Annual Forum Proceedings,
Phoenix, AZ, May 11-13, 2010

Collins, J. A. - Failure of Materials in Mechanical Design: Analysis,
Prediction, Prevention. Wiley & Sons: New York,
1993

Zhao, J. and D. O. - Achieving Six-Nines Reliability Using an Advanced

Adams Fatigue Reliability Assessment Model, Presented at

the American Helicopter Society 66 Annual Forum,
Phoenix, AZ, May 11-13, 2010

(Copies of these documents are available from sources as noted.)

A.3. DEFINITIONS

A.3.1 Hazard. A real or potential condition that could lead to an unplanned event or series
of events (a mishap) resulting in death, injury, occupational iliness, damage to or loss of
equipment or property, or damage to the environment.

A.3.2 System. The organization of hardware, software, and data needed to perform a
designated function within a state environment with specified results.

A.4  GENERAL GUIDANCE

A.4.1 Fatigue life management support of CBM goals. The goals of the CBM system are
to minimize burdensome maintenance tasks, increase aircraft availability, improve flight safety,
and reduce maintenance cost. A Fatigue Life Management (FLM) system will significantly help
to achieve these goals. An FLM system should provide the capability to measure and record the
actual environment (examples: usage, loads, configurations) experienced by Army aircraft
systems. Through analysis these data can be correlated with established structural integrity
methodologies to establish appropriate maintenance actions.

A 4.2 Fatioue life management applications. The FLM system can be applied to help
establish the following:

a. Updating of the usage spectrum required for maintaining airworthiness of Army
aircraft systems.

b. Intervals at which specific component maintenance or replacement actions are
required.
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¢. Usage statistics for each operational command base, unit, or aircraft.

d. The rate at which the fatigue capability of a component is being consumed and an
estimate of the remaining fatigue life.

e. Usage and loads data to support a balanced approach in establishing damage repair
limits.

f. Data required for effective Risk Management of the Army’s fleet of aircraft systems.
(For example, the loads environment prior to and during a mishap incident provides data
required to evaluate the incident and minimize the readiness impact on the fleet.)

g. Tracking of loads and usage environment the aircraft experiences in terms of severity,
duration, and frequency of occurrence make it possible to:

i. Adjust retirement times and inspection requirements based on the severity of the
loads and usage environment.

ii. Determine loads and usage variability between pilots performing the same mission,
which can be a dominant factor in establishing retirement times and inspection requirements.

iii. Provide feedback to the user concerning loads and usage severity, which has a
significant potential for reducing maintenance burden and enhancing safety.

Also, for cases where direct pilot feedback is enabled by the FLM system being
considered for a flight critical SUMS application, the FLM system has the potential to provide
input to the user that fatigue damage is occurring during sustained flight conditions (example
level flight). The avoidance of or minimum duration in such a condition will significantly reduce
aircraft fatigue damage and subsequent repair or catastrophic loss. FLM can allow improvements
in this area even in non-flight critical SUMS applications where any pilot feedback is provided
by maintenance personnel.

In summary, application of FLM has the potential of significant improvements in
readiness and reduction of sustainment costs for Army aircraft systems.

A.4.3 Reliability guidance. Incorporation of an FLM system in U.S. Army aircraft
operations should not create a system hazard as defined by the Program Executive Officer
(PEO), Aviation System Safety Risk Management Process IAW MIL-STD-882. Acceptable
alternative methods of substantiating this guidance for aircraft systems are as follows:

a. Substantiate that the frequency of the system hazard is within the range of very
improbable, such as, probability of occurrence is less than 0.01 per 100,000 flight hours. This is
a cumulative frequency of all components managed by the FLM system. Incremental
incorporation should require allocation of risk.

b. Substantiate that the incorporation of FLM has not increased the aircraft system level
risk.
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c. Substantiate that a threshold component reliability of 0.999999 (six nines) is achieved.
This means that the probability of failure for each component managed by the FLM system is
less than 1 out of 1,000,000 components.

Reliability analysis is a method for determining the probability of non-failure based on
statistical evaluation of all critical factors, which include fatigue strength, flight loads, and usage
spectrum. Fatigue reliability analysis can be predicted using analytical probabilistic models or
Monte Carlo simulations.

A.5 DETAILED GUIDANCE

A.5.1 Managing service life of safe-life structural components. The service life of
structural critical safety items (CSI) on US Army aircraft systems is typically managed by a safe
life process that is based on a calculation of a fatigue damage fraction. Inputs for establishing the
retirement intervals include usage, flight loads, and fatigue strength with damage fraction
calculation based on Miner's linear cumulative damage hypothesis.® Although there is no
identified safety factor used to ensure the reliability of CSI reaching their retirement time without
a structural failure, reliability goals are reached by a combination of conservative assumptions
employed in developing the usage spectrum and flight loads in conjunction with statistical
reductions included in the fatigue strength working curve. If incorporated into the CBM
management plan or system specification, similar methods may be employed for managing
service lives of mission critical components to increase aircraft availability. Incorporation of the
FLM system allows greater certainty of aircraft usage and flight loads severity. Due to this
increased certainty, the analysis of FLM data and correlation with component fatigue capability
has greater potential of achieving FLM goals of reducing burdensome <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>